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ABSTRACT
The work reported in this thesis increases our understanding of the effect
of lignin plant source on the mechanical and morphological properties of ligninbased polyurethanes and the interdiffusion of glassy/liquid bilayer thin films. The
interdiffusion of glassy/liquid polymer pairs has received much less attention than
liquid/liquid bilayers, leading to conflicting results and unresolved discrepancies.
Therefore, the reported study of interdiffusion between polysulfone glassy/liquid
polymer layers provides insight into the dynamics of these systems.
This thesis first reports the correlation between the mechanical properties
of lignin-based polyurethanes and the lignin plant source. Lignin is a molecule that
can be used as a polyol to synthesize polyurethanes, and the specific aromatic
structure of the lignin is heavily reliant on the lignin’s plant source. Polyurethanes
were synthesized reacting lignin with one of two diisocyanates that differ in length.
The morphology and the mechanical properties were monitored. These results
show that the longer cross-linker created polyurethanes using wheat straw lignin
that exhibited better mixing and higher moduli than in the hardwood and softwood
lignin polyurethanes, whose morphology was dominated by large aggregates.
However, the shorter cross-linker created polyurethanes with a fairly uniform
morphology and higher moduli from the hardwood and softwood lignin than that of
the wheat straw lignin polyurethane. This demonstrates that the size of the crosslinker impacts the role of the lignin structure (and plant source) on the morphology
and mechanical properties of lignin-based polyurethanes.
v

Neutron reflectivity was also employed to study the interdiffusion of
polysulfone bilayers consisting of a small deuterated polysulfone and larger
protonated polysulfone.

These results demonstrate that the diffusion of the

deuterated polysulfone is sterically hindered by the aromatic nature of the
protonated polysulfone and that the structural differences between the two
protonated polysulfones did not have a significant effect on the diffusive properties
of the deuterated polysulfone. Additionally, when compared to other common
polymers with the same molecular weight and at the same temperature relative to
their glass transition, the diffusion of the deuterated polysulfone chains is ca. three
orders of magnitude slower.
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CHAPTER 1: INTRODUCTION

1

Over the past few decades polymers have become important industrially
produced materials on account of their wide range of physical and chemical
properties.

These polymer materials have found use in a vast array of

technologies ranging from wiring, coatings, sports and medical devices to cell
phones, houses, automobiles, and planes. Because of this, polymer materials
have allowed us to enjoy these technologies and more on a daily basis. However,
the demand for new and more elaborate technologies that are more robust than
their predecessors will continue to increase. According to Grand View Research,
Inc., the polyurethane market was estimated at ~$54 billion in 2015 and is
projected to grow to ~$105 billion by the year 2025 due to recent high demands
for applications in furniture, automotive, electronic devices, and footwear.1
Therefore, further research is needed to synthesize and understand new polymer
materials that will help allow the advancement of modern technology into the
future.

Polyurethanes
Polyurethanes first came onto the scene when they were discovered by Otto
Bayer and his colleagues in 1937.2 Polyurethanes are known for their wide range
of properties including high tensile strength, abrasion resistance, and chemical
resistance.3,4 These properties, along with others not listed here, are what make
polyurethanes an important commercial polymer for use as flexible or rigid foams,
solid elastomers, coatings, and adhesives amongst other applications.5,6

2

Synthesis & Structure
Polyurethanes are polymers that are derived from monomer units joined
together by carbamate (urethane) linkages.

The most common pathway to

synthesize a urethane linkage is to react an isocyanate functional group (RN=C=O) with a hydroxyl functional group (R-OH).

For a polyurethane to

successfully be synthesized using this method a polyisocyanate, a compounding
containing two or more isocyanate groups per molecule, must react with a polyol,
a compound that contains two or more hydroxyl groups per molecule, as shown in
Figure 1. In some circumstances, an organic or inorganic catalyst or ultraviolet
light is needed for the urethane reaction to take place.7 Other pathways have been
developed to synthesize non-isocyanate polyurethanes (NIPU) due to the high
toxicity of isocyanates.

These methods include: (1) polyaddition and

polycondensation reactions through the use of cyclic carbonates with amines,8–10
(2) an AB-type self-polycondensation reaction through the use of acyl azide groups
and hydroxyl groups,11 and (3) a self-polycondensation reaction through the use
of amide groups and hydroxyl groups with the help of a catalyst.12
The isocyanate is the more reactive group during polyurethane synthesis
compared to the hydroxyl group. The majority of isocyanates used today such as
toluene-2,4-diisocyanate (TDI), isophorone diisocyanate (IPDI), and 4,4’methylene diphenyl diisocyanate (MDI) are aromatic in structure while the rest are
aliphatic in structure such as hexamethylene diisocyanate (HMDI).13–17 Polyols

3

Figure 1. Reaction of a polyol (a) with a polyisocyanate (b) to synthesize a
polyurethane.
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are usually the more flexible of the two components which allows the formation of
flexible polyurethane materials and are usually made up of polyesters, polyethers,
or glycols such as polyethylene glycol (PEG), 1,4-butanediol, and polypropylene
glycol (PPG).18–20 The structures of these compounds are seen in Figure 2. The
length of the polyol chain also effects the properties of the polyurethane
material.21,22 Short polyol chains are used to make rigid polyurethanes while
longer polyol chains are used to make the polyurethane more elastic and rubbery.
Structural Influence on Properties
The properties of the polyurethane are heavily dependent on the overall
structures of the polyisocyanate monomers and polyol monomers used during
synthesis. And with the boundaries of human imagination almost limitless, a
multitude of polyisocyanates and polyols are readily available to be used for the
synthesis of polyurethanes with varying properties.

The addition of aromatic

monomer units, most often times the polyisocyanate, increases the rigidity of the
polyurethane backbone which increases properties such as Young’s modulus. On
the contrary, the addition of aliphatic monomer units, most often the polyol, has the
opposite affect and allows the polyurethane to have more rubbery characteristics.
However, the addition of too many aromatic units can produce a product that is too
brittle for use while the addition of too many aliphatic units can produce a product
that is too rubbery in character. Therefore, a balance between these two traits
must be met for a polyurethane to be useful.

5

Figure 2. Structures of a select few isocyanate compounds and polyol
compounds.
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Another way to increase the structural rigidity of a polyurethane is through
cross-linking, as seen in Figure 3, which decreases the molecular freedom of the
polymer chains. This decrease in ability for the molecules to freely move increases
properties such as tensile modulus and decreases elongation. A polyurethane film
that is cross-linked will provide higher chemical and abrasion resistance due to its
formation of a tightly packed network. The nature of cross-linking is where two or
more linear or branched polymers become linked together by covalent bonds.
Cross-linking can occur via chemical reactions when at least one of the monomer
units contain three or more reactive sites, addition of additives, or can be brought
on through the use of radiation.23–25 An example of cross-linking would be the
vulcanization of rubber where sulfur is added to natural rubber which forms sulfur
bridges between two or more polymer chains.26 The result is a network of crosslinked polymer chains that is stiffer than its non-cross-linked predecessor allowing
the rubber to be used in more extreme environments.

Another conventional

method to employ cross-linking is to use a monomer that contains a level of crosslinking within its own structure. Polyurethanes have another unique way to crosslink by the reaction of an isocyanate with an already formed urethane linkage to
create an allophanate linkage, as seen in Figure 4. Even though the positive
impacts that cross-linking has on the properties of a polyurethane is attractive there
are some setbacks that are brought on by cross-linking. One such setback is that
cross-links are, for the most part, irreversible and products that have undergone

7

Figure 3. Representation of non-crosslinked polymer chains (left) and
polymer chains that are crosslinked (right). The polymer chains are
represented by the blue lines and the crosslinks are represented by the red
lines.

8

Figure 4. Scheme of the reaction between an isocyanate group and a
urethane linkage to form an allophanate linkage.
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cross-linking are hard or impossible to recycle which is a negative trait for
commercially used plastics.
Materials & Applications
With the ability to produce a wide range of properties, polyurethanes have
become one of the more sought after polymeric materials leading to an increase
in their demand, with approximately 14 million tons being produced in 2011. The
majority of polyurethane technology is being used in the formation of flexible or
rigid foams, making up over 66% of the polyurethane market. The synthetization
of PU foams requires the use of several parts including a polyisocyanate, polyol,
catalyst, surfactant, crosslinking agent, and a blowing agent. 27 The most typical
blowing agent used for PU foam formation is water which produces carbon dioxide
(CO2) when the water reacts with the isocyanate moieties. 27 This production of
CO2 is what forms the air gaps within the foam sample called cells. Rigid foams
obtain their rigidity through the use of higher cross-linking leading to a more closed
cell structure within the foam allowing them to be employed as good insulating
materials against temperature and noise.28 Reversely, flexible foams are less
crosslinked which provides a larger, open cell structure throughout the foam
allowing more air flow throughout the foam, and therefore more flexible.
Elastomers are the second largest category of polyurethane materials
produced due to their high abrasion and tear resistance, good long-term dynamic
performance, and their ability to be molded into almost any shape. 29 Elastomers
are crosslinked polymer materials that are soft and deformable under room
10

temperature conditions.30 The most typical example of an elastomer is the rubber
band, which is made out of vulcanized rubber. Usually elastomers are synthesized
by linear monomer units into long polymer chains which are crosslinked during the
curing process in ways similar to vulcanized rubber.30 Once fully cured, the long
polymer chains re-structure themselves to allocate the applied stress while the
cross-links ensure that the elastomer will return back to its original shape.30
Polyurethane coatings and thin films offer high chemical and abrasion
resistance ultimately enhancing product appearances and lifespans and are used
to shield against corrosion.31,32 The production of PU coatings and films typically
include a liquid phase where a liquid coating is applied to the surface of an object.
This liquid coating is made up of a medium that has dissolved the materials used
to synthesize the polyurethane.31

After application of the liquid coating, the

medium evaporates and chemical curing happens in the form of chemical crosslinking producing a cross-linked polyurethane coating.31 These coatings gain their
strength against corrosion and abrasion due to the chemical crosslinks formed
during the curing process.
Polyurethane adhesives offer very rapid cure rates and the ability to
produce strong flexible bonds that are tightly sealed resulting in high peel strength
and toughness.6,33,34

The chemistry of cross-linking is what gives the PU

adhesives their strength qualities. The cross-linking reactions for PU adhesives
can occur in a number of ways including: (1) one-step systems that includes a
catalyst, (2) a two-part system where a second component is added, and (3)
11

reactions with ambient surroundings such as moisture in the atmosphere. 34
Polyurethane adhesives can easily infiltrate porous areas on a substrate due to
the low molecular weight of the starting components which helps with their
adhesion strength.34 They can also form covalent bonds with active chemical sites
found on the material surface they are applied which also further increases their
adhesive strength.34
Bio-based Polymer Materials
Over the last decade there has been an increase in interest in deriving
polymers from a renewable resource such as trees and plants and other
biomasses due to their affinity for the environment and biodegradability.35 This is
also due in part to a decline in non-renewable feedstocks such as petrol, but more
importantly due to a rise in the desire to preserve Earth’s ecosystems and places
where we live.36 There are available polymers such as polycaprolactone and
poly(butylene succinate) that are both characterized as biodegradable polymers
even though they are petrochemical based.37 On the other hand, starch, cellulose,
and poly(lactic acid) are all made from renewable resources such as biomass and
are readily biodegradable.38 Although the ability to biodegrade is very promising
what makes these polymers even more desired are their natural occurrence and
abundance. And with high availability, the cost to obtain these types of polymers
are usually low. This makes bio-based polymers even more attractive to be used
as building blocks to synthesize polymer materials that can be used in every-day
applications. One bio-based polymer that has recently seen a rise in attraction
12

from scientists and industry is lignin due to its highly aromatic structure and ability
to form lignin-based polyurethane materials.

Lignin
As stated in the previous section, one area of polymer materials that has
recently seen an increase in interest are bio-based polymers. Due to the wide
abundancy and high accessibility of some bio-based polymers, this allows them to
be inexpensive to obtain. Lignin is a bio-based polyol that is the second most
naturally occurring polymer on Earth, behind cellulose, and makes up 18-35% of
wood.39 It is also found in grasses such as wheat straw and switchgrass and other
plants such as shrubs from the eucalyptus genus. Lignin is a highly aromatic
polymer that is found in the plant cell wall alongside hemicellulose and cellulose
fibers.

The lignin molecules function as a cementing material amongst the

cellulose and hemicellulose and is used as a means to provide structural support
to the plant as well as act as a defense mechanism against parasites and
diseases.40
Chemical & Physical Structure
Although there is no exact definition of the 3D structure of lignin, scientists,
aided by recent advancements in its chemistry, have been able to identify the
three-main monomer building blocks that make up lignin. The highly aromatic
nature of lignin, seen in Figure 5, is due to the enzyme initiated dehydrogenation
polymerization and radical coupling reactions of the three basic monomers
13

Figure 5. A theoretical representation of the structure of a lignin molecule
(left) and the structures of the monolignol units used to polymerize lignin
(right). 41
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p-coumaryl alcohol, coniferyl alcohol, and syringyl alcohol.42 These three cinnamyl
alcohols, also called monolignols and whose structures are shown in Figure 5, are
very similar in structure consisting of a phenolic ring with an aliphatic side chain
attached that includes both an alkene and an alcohol functional group. Where they
differ in structure are the number of methoxy groups that are found at each ortho
position relative to the phenolic hydroxyl group. These methoxy groups play a key
role in the physical characteristics and construction of the lignin molecule.
The amounts of each monolignol used to form the lignin molecule differs
between the types of plants used to extract the lignin. Therefore, lignins can be
divided into three classes depending upon their source, namely hardwood,
softwood, and grass lignins. Lignins extracted from hardwood sources contain the
highest amounts of syringyl alcohol amongst the three classes of lignins with
smaller amounts of coniferyl alcohol monolignols. Softwood lignins, also called
coniferous or guaiacyl lignins, are solely made up of coniferyl alcohol monolignols.
The structure of lignins that are extracted from grasses, also called non-wood
lignin, contain a wide range of all three monolignols, however these types of lignins
contain the highest amount of p-coumaryl alcohol monolignols compared to the
other classes of lignins. As stated previously, it is important to pay attention to
which monolignols are used, and overall the source of the lignin, due to their
differences in number of methoxy groups. The amount of methoxy groups in the
monolignol is important due to the steric hindrance they provide to the phenolic
hydroxyl group of the monolignol.

This is because the enzyme catalyzed
15

polymerization of the monolignol units heavily targets the two hydroxyl groups
connecting the monomers together to form the polymer chain. An increase in steric
hindrance leads to a decreased ability for the phenolic site to be used to form a
linkage with another monomer which lowers the amount of crosslinking within the
overall lignin structure.

Due to this understanding of how lignin internal

crosslinking works, it is understood that hardwood lignins possess the least
internally crosslinked structure amongst all lignin types as hardwood lignins
containing the highest amount of syringyl alcohol monolignol units within its
structure. Additionally, lignins extracted from grasses, which possess the highest
amounts of p-coumaryl alcohol monolignol, have a more internally crosslinked
structure compared to the other types of lignins. This internal crosslinking affects
not only the lignin molecule but also the properties of lignin-based materials.
Attraction and Production
There are a number of reasons why lignin has gained a lot of attraction in
the scientific community to be used to produce polymer materials. A schematic of
the production of lignin from plant sources is shown in Figure 6.43 One of the
largest processes where lignin is extracted from plants is during the chemical
pulping processes at paper mills where pulp is made to make paper. 44 The main
product for this process is cellulose to produce paper making lignin a byproduct.
Up until recently, lignin was viewed as waste that was only used to serve as fuel
to power the boilers used during the paper-making process. In 2010, it was
estimated that the paper and pulping industry alone extracted 50 million tons of
16

Figure 6. Schematic by Saito et. al. of the production of lignin and materials
made from lignin.43

17

lignin.45 Biorefineries increase that amount making lignin very economical. With
lignin being highly abundant, including an estimated 300 billion tons of lignin
available in the biosphere with a steady yearly increase of 20 billion tons, the high
availability of lignin and its low economic cost further increases its attraction to be
used as a starting material for producing polymer products.46
Extraction Processes
Other than the plant source they were extracted from, another important
way lignins are classified is by the employed extraction process. There are several
extraction processes that allow the separation of lignin from the lignocellulosic
material. The most dominant processes used today are the Kraft, organosolv,
soda, and sulfite processes, as presented in Figure 7, in which all have an effect
on the physical and chemical structure of the extracted lignin. The most widely
used chemical pulping process used is the Kraft process and makes up
approximately 85% of the total lignin production throughout the world due to it
being the preferred process used for paper making.47 During this process, the
wood is dissolved in an aqueous medium of sodium hydroxide and sodium sulfide
and is cooked under pressure at 170 °C for a couple hours.44 During the cooking
process, the hydroxide and hydrosulfide anions react with the lignin and cleaves
α-aryl ether and β-aryl ether bonds. This fragments the lignin into smaller particles
with lower molecular weights, higher amounts of phenolic hydroxyl groups and can
be dissolved in alkaline solutions.44,48 During the Kraft process, a small amount of
sulfur in the form of thiol groups (-SH) are attached to the lignin due to
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Figure 7. The schematics of the four main extractions processes used to
extract lignin from biomass by Laurichesse et. al.49
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condensation reactions generated by the anions.50 Kraft lignins have found use
for a number of applications such as carbon fiber, foams, hermoplastics, resins,
and fertilizer and pesticide carriers.51–56
Sulfite pulping is the other pulping process used where lignin is extracted in
the form called lignosulfonates due to sulfonic groups (-SO3-) being introduced into
the structural network of the lignin molecule.57 The sulfite process uses sulfurous
acid and its alkali salt versions to extract the lignin from wood chips by breaking
α-O-4 ether linkages under high pressure at approximately 150 °C.50,58

The

attached sulfonic groups also cause the lignosulfonate to act as a polyelectrolyte
allowing it to be water soluble even though the backbone is composed of a
hydrophobic aromatic skeleton. Lignosulfonates contain the highest amounts of
sulfur content amongst all types of lignins at approximately 5 wt% with a degree of
sulfonation per phenylpropanoid unit of 0.4-0.5.59 The largest form of use for
lignosulfonates is as a chemical dispersant for cement accounting for
approximately 50% of total lignosulfonate usage.60,61 Additionally, lignosulfonates
have found uses for other low-profile applications such as dispersing agents,
stabilizers, and binders for animal feed, glues and adhesives, dust control,
detergents, and particle board.62–65 Although the polydispersity of lignin in general
is usually high, lignosulfonates typically have the highest polydispersity amongst
all types of lignins which can be an obstacle in material production. 66
The organosolv process is a sulfur free pulping process that uses a mixture
of solvents such as methanol, ethanol, acetic acid, formic acid, and peroxiorganic
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acids to cook the wood chips and separate the lignin from the other wood chip
constituents.67 During the organosolv process, the lignin becomes solubilized by
the solvent, or solvents, used through the acidolytic or alkaline cleavage of aryl
ether linkages resulting in an increased number of phenolic functionalities. Due to
the use of organic solvents and organic acids as the reactive ingredient,
organosolv lignins have no added functionalities like thiols or sulfonic groups found
in Kraft lignins and lignosulfonates, respectively. Therefore, these lignins are more
structurally similar to the lignin produced within the plant cell wall.68 The drawback
to using organosolv lignins is the solvents and acids used. The high cost for the
organic solvents and acids is an immediate economical drawback. Moreover, the
environmental impact these chemicals can have can shift some researchers focus
to use other lignins in order to help keep the impact on the environment as low as
possible. Although organosolv lignins are limited in their use in adhesives and
binders due to having a lower molecular weight, they can still be used in other
applications in which Kraft and lignosulfonates are used.59
The fourth main pulping process used to extract lignin is the soda process.
Like the organosolv process, it is sulfur free and does not include side reactions
that add extra functionalities onto the structure of the extracted lignin as is found
with the Kraft and lignosulfonate processes. However, the soda process is very
close to the Kraft process in terms of chemicals used to break down the lignin,
such as alkaline materials without the sodium sulfide, and therefore lignins from
both processes are structurally similar. The soda process is mainly used for the
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cooking of grass sources such as wheat straw, hemp, switchgrass, and bagasse
and due to having no sulfur content it is very attractive for polymer applications like
those found for Kraft lignins.69,70
As previously stated, the extraction process used to extract the lignin has
an effect on the physical and chemical structure of the lignin. However, all three
lignin sources are not commonly extracted using the same extraction process.
Therefore, for the work presented in this thesis, each lignin used was extracted
using a different extraction process that is common for its plant source.
Lignin-based Materials & Applications
Recently, the scientific community has seen an increase in research and
development of lignin-based products and polymer research. Due to the structure
of lignin being highly aromatic, processes have been developed that break down
lignin molecules to produce other valuable aromatic chemicals such as benzene,
toluene, xylene, styrene, phenols, cyclohexane, aromatic aldehydes, vanillin, and
vanillic acid in which some can be used to synthesize other types of polymers like
aromatic polyethers, polyesters, polystyrene, etc.71,72 Since lignin is a polyol,
synthesis techniques have also been used to study the effect lignin incorporation
can have on the properties to produce biodegradable polymer materials. Due to
the heterogenous nature of lignin and its affinity to aggregate, homogenous blends
of lignin with other polymers are hard to come by and usually results in lower
mechanical properties when compared to the pure polymer counterpart.73–75
However, modification techniques of lignin, such as acetylation and grafting
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to/from, have been used to disrupt the atomic forces behind lignin aggregation.
Doing so provides a more homogenous blend between the lignin and the polymer
matrix as well as an increase in physical properties.73,75,76
The highly aromatic structure of lignin and its ability to act as a polyol have
made it a desired building block to produce lignin-based polyurethanes. In these
instances, the lignin structure adds rigidity to the network increasing the
mechanical properties of the resultant polyurethane. Some of the more common
lignin-based polyurethane materials are soft or rigid foams, epoxy resins, ligningrafted-polycaprolactone copolymers, and carbon fiber.51,52,70,77

For most

systems, it is desired to employ as much lignin into the polyurethane network as
possible to further increase targeted properties, use less commercial polyol,
improve economics, and to increase the biocompatibility of the material. However,
too much lignin incorporated into a system usually leaves the material too brittle to
be useful. This is seen with the research done by Saito et. al. who successfully
produced a material that was comprised of 80 wt% lignin, but was too brittle to use
for any testing.40 Therefore, a compromise must be found between the amount of
lignin content and rubbery content used.

Overview of Thesis
The main goal of Chapter 3 is to understand the impact that the source of
the lignin has on the properties of lignin-based polyurethanes. As previously
discussed, lignin is used as a polyol to synthesize lignin-based polyurethane
materials with increased targeted properties and biocompatibility. 14,40,53,78,79
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However, it is not well understood how the source of the lignin, in this case
hardwood, softwood, and non-wood sources, affects target mechanical properties
of the resultant lignin-based polyurethane. We know the source from which lignin
is extracted plays a significant role on the structural development of the lignin,
primarily the amounts of each monolignol used, and that this influences the internal
crosslinking abilities of the lignin structure.
Therefore, we will study how the lignin source parameter affects the
properties of the lignin-based polyurethanes. To achieve this goal, we will examine
threeprimary parameters: (1) the lignin used as a polyol which is dependent upon
source, (2) the lignin loading in the polyurethane formulation and (3) the effect
cross-linker size has on the mechanical properties of lignin-based polyurethanes.
Changing the lignin source allows us to study and compare the targeted properties
of the resultant lignin-based polyurethane samples based on extraction source and
the effects it has on the structure of the lignin. By changing the lignin weight
percent within the sample, we can probe how the targeted properties change as
more lignin is added to the system and compare the differences in terms of lignin
source. Another parameter that will be looked at is how the ratio of isocyanate
groups to hydroxyl groups plays a role in the properties of the lignin-based
polyurethanes. Due to the differing levels of internal crosslinking amongst the
three lignin sources, the hydroxyl group number can vary between them. And
since hydroxyl groups induce crosslinking, this ratio can provide more information
on how the plant source affects targeted mechanical properties of lignin-based
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polyurethanes. Once more, the morphology of the lignin-based polyurethanes is
important in understanding the differences in physical properties between the plant
sources. The level of mixing between the two phases, hard/rigid phase and
soft/rubbery phase, has a significant impact on the physical properties of a
material. Therefore, the morphology of the lignin-based polyurethanes will be
studied to further explain how the plant source affects targeted mechanical
properties.
In Chapter 4 we discuss the interdiffusion dynamics of polysulfone bilayer
films. Various applications such as coatings, adhesion and packaging rely a great
deal on the diffusion of polymers. Therefore, it is essential to understand the
diffusion dynamics of polymers. Many studies have already been performed on
liquid/liquid polymer systems while those containing glassy/liquid interfaces have
accumulated less attention due to their conflicting results.80–91 Therefore, it is
critical to continue studying glassy/liquid polymer systems to gain better insight on
their diffusion dynamics.
The work discussed in Chapter 4 was performed to study the interdiffusion
dynamics of polysulfone bilayer films.

The films were prepared using a low

molecular weight deuterated polysulfone with a low T g and a layer of higher
molecular weight protonated polysulfone with a higher Tg. The bilayer samples
were thermally annealed at multiple selected temperatures between the T g’s of the
deuterated polysulfone and the protonated polysulfone to monitor the diffusion of
the liquid polysulfone into a glassy layer. The interdiffusion dynamics of the
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polysulfone bilayers were measured using specular neutron reflectivity.

This

geometry allowed us to monitor the importance of the structure of the protonated
polysulfone on the diffusion dynamics of the deuterated polysulfone and the semirigid nature of the polysulfone on its diffusive behavior. This latter effect was
realized by comparing the diffusion dynamics of the deuterated polysulfone to that
of other common polymers.
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CHAPTER 2: EXPERIMENTAL
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Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) is a widely employed instrumental
technique used to investigate and characterize rheological properties of materials
including the viscoelastic behaviors of polymer systems.92,93

DMA works by

applying an oscillatory force to a sample material of known geometry causing the
sample to undergo a sinusoidal deformation.94 Doing so, the instrument can
analyze the materials responses to the applied force.95 The amount of deformation
the sample undergoes for an applied stress is directly related to its stiffness where
samples that are stiffer will deform the least. The oscillatory motion is driven by a
force motor and transmitted to the sample via a drive shaft. The motor is set to a
selected frequency and the changes in stiffness and damping are measured.92
Polymer materials display flow characteristics even when they are
considered solid or rigid materials.96,97 Since a sinusoidal force is being applied,
the resulting strain wave shape depends on the elastic behavior and the viscous
behavior of the sample.92,95 The two most measured rheological properties while
using dynamic mechanical analysis are the storage modulus and the loss modulus.
The storage modulus, denoted as E’, is the elastic behavior of a sample and
describes how much energy is stored by the material during oscillatory motion.98,99
The loss modulus, denoted as E”, is the viscous behavior of the sample and
describes the magnitude of energy that is lost to heat and internal friction due to
chain slippage caused by molecular rearrangements of the polymer chain. 98,99
Furthermore, the ratio of the loss modulus to storage modulus, also called damping
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or tan(δ), indicates how efficient a material is at losing energy due to the molecular
rearrangements and internal friction.99,100

These moduli are dependent upon

temperature and the frequency of the oscillatory force.40,101
The force curve of a sample subjected to a sinusoidal force responds in
similar fashion with a sinusoidal nature, as depicted in Figure 8. When a material
is fully elastic the response from the material will be fully in-phase with a phase
angle of 0°.92 However, when a material is fully viscous the material’s response
will be fully out-of-phase with a phase angle of 90°.92 Since polymer materials are
viscoelastic they fall in between these two extremes. Equations 1, 2, and 3 were
gathered from an article published by Anwer et. al.101 The storage modulus, inphase component, of a viscoelastic material is calculated using Equation 1 while
the loss modulus, out-of-phase component, is calculated using the phase lag
between the two sine curves (Equation 2).
𝜎°
𝐸 ′ = ( ) 𝑐𝑜𝑠𝛿
𝜀°

(1)

𝜎°
𝐸" = ( ) 𝑠𝑖𝑛𝛿
𝜀°

(2)

𝑡𝑎𝑛𝛿 =

𝐸′
𝐸"

(3)

Dynamic mechanical analysis is a prominent instrumental technique that
can be used to measure the moduli of the lignin-based polyurethanes that will be
synthesized and characterized for the research required for this thesis. Since
lignin is a polyol and the plant source of the lignin affects the amount of internal
crosslinking within the lignin, both properties will affect the amount of overall
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Figure 8. A typical force curve shown for a material undergoing an oscillatory
stress.92
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crosslinking found within the network of the lignin-based polyurethane. Therefore,
DMA will be used to help identify how each plant source affects the moduli of the
system and to what capacity they differ between each other.

Shore Hardness
The hardness of a material is the measurement of how resistant a material
is to various kinds of permanent shape changes when a constant compressive
force is applied.102–104 Properties such as stiffness, viscoelasticity, and viscosity
affect the hardness of a sample leading to the generalization that hardness is
characterized by the strong intermolecular and intramolecular bonds found within
the makeup of the material.102,104,105 There are multiple scales on which the
hardness factor of a material is measured such as Brinell, Rockwell, Shore, and
Vickers that differ on how the compression force is applied to the sample. 104 For
the work performed in this thesis, the Shore Hardness scale will be implemented
due to its typical use for measuring the hardness of polymer materials.
During Shore Hardness testing, a hand-held or mechanical instrument
called a durometer is used to apply a compressive force given from a standardized
indenter of known geometry on to the surface of the material being tested, as
shown in Figure 9.104,105 The durometer then measures the hardness of the
material from the depth of the indentation made by the indenter through the use of
an internal spring mechanism.104 The force applied by the durometer must be
performed in a consistent manner to obtain dependable results.

For Shore

Hardness testing, since there is a vast array of application materials that differ in
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Figure 9. A picture of a basic hand-held durometer and how it is operated.106
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compressive strength there are multiple Types of durometers that can be used.
Where these Types differ are the geometry of the indenter as well as the force
behind the spring.103,104,107 Softer materials such as foams and some rubbers will
typically require the use of a Type O-OOO durometer with a spherical indenter
while harder rubbers and plastics will require an indenter with a sharp or flat cone
point such as found with Types A-D.102,104
Measuring the Shore Hardness of the lignin-based polyurethanes
synthesized for the work of this thesis is another way to quantify and compare the
targeted mechanical properties based on the plant source of the lignin.

As

mentioned previously, compressive strength is generally measured and
characterized by the molecular bonding that is found within the testing material.
Introducing, or increasing, crosslinking is one technique used to affect the
hardness of a polymer material. With the addition of lignin to act as a rigid polyol
with the ability to induce crosslinking, this instrumental method should help further
identify the affect that plant source has on the targeted mechanical properties of
the synthesized lignin-based polyurethanes.

Differential Scanning Calorimetry
Differential

Scanning

Calorimetry

(DSC)

is

the

most

common

thermoanalytical method used for quantitative studies of polymers and their
thermal transitions.108,109 A DSC instrument calculates the change in heat flow of
a polymer sample compared to an inert reference while both are being heated
simultaneously.109 The change in heat capacity is measured as a function of
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temperature and monitored continuously while the heat flow is adjusted to keep
both the sample and reference at the same temperature. 109 This allows for the
finding of two major thermal transition temperatures for polymeric materials: the
glass transition temperature, Tg, and the crystalline melting temperature, Tm. While
both of these transitions are critical for the thermal definition of a polymer, the glass
transition temperature is more important for this study and, therefore, will be the
main topic of consideration for DSC results shown in this thesis.
The Tg of a polymer happens when the amorphous domains transition from
a hard, glassy state into a more flexible, rubbery state. 5,30,110 This is due to the
rotational,

translational,

and

vibrational

energies

increasing

along

with

temperature.110 As the total energies of the molecules increase there is a certain
temperature that is reached, the Tg, where long-range segmental motions of the
polymer chains begin to occur and significant changes in properties are
observed.110
Polyurethanes synthesized from a rigid block and a rubbery block will show
multiple Tg’s with one Tg corresponding to the rubbery block and a Tg
corresponding to the hard block. This is due to phase segregation between the
soft block and the hard block due to their thermodynamic incompatibility to each
other. The rigidity due to the highly aromatic structure of lignin allows for phase
segregation with the rubbery content that is used to synthesize lignin-based
polyurethanes. This will result in the lignin-based polyurethanes providing multiple
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Tg’s corresponding to the lignin-dominated phase and the rubber-dominated
phase.
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Phosphorus Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) is a common research technique used
to exploit the structure of organic compounds.111–113 What makes this instrumental
method useful is that it is a non-destructive technique that can provide a complete
analysis of the overall structure of the sample.114 The main isotopes that are most
useful to chemists are 1H,

13C, 19F,

and

31P.115

For the research that this thesis

presents, 31P-NMR will be used.
Compared to standard 1H-NMR,
of the attractive characteristics of

31P-NMR

31P-NMR

is conceptually the same. One

is that, like the 1H nucleus, the

31P

nucleus has a ½ nuclear spin allowing spectra to be more easily interpreted. 115
Also, the gyromagnetic ratio of the 31P nucleus is comparatively high at 10.841x107
rads T-1s-1 which is comparable to other high-ratio nuclei such as 1H (26.7519x107
rads T-1s-1) and

13C

(6.7283x107 rads T-1s-1).116 Furthermore, the

31P

isotope is

100% naturally abundant and the spectral signals for phosphorous-containing
compounds are well determined allowing

31P-NMR

to be a good choice for

chemical structure determination.116
Lignin scientists have used

31P-NMR

due to its ability to provide good

structural data about the lignin molecule with the ability to quantify certain aspects
of the structure of the employed lignin.117–119 Lignin itself does not contain any
phosphorous within its structure, therefore a phosphorous-containing ligand must
35

be attached via a chemical reaction for the method to be useful, as shown in Figure
10. One of the most widely used abilities of

31P-NMR

with lignin is its ability to

quantitatively determine the different hydroxyl groups found within the lignin such
as aliphatic, carboxylic, guaiacyl, p-hydroxyphenol, and syringyl alcohol units.120
While 1H-NMR and

13C-NMR,

when combined, have shown the ability to quantify

all of these hydroxyl groups, 31P-NMR has shown the ability to quantify all of these
hydroxyl groups together in a relatively shorter timeframe.117

Also,

31P-NMR

provides better separation and resolution of the hydroxyl signals leading to more
precise quantifiable hydroxyl data.121
Knowing the hydroxyl functional group content plays a prominent role in the
identification and definition of the lignin structure providing information that affects
the chemical and physical properties of the lignin. Since

31P-NMR

can provide

quantifiable phenolic data it is possible to also obtain a monomer unit ratio for the
lignin molecule. This ratio may be able to provide a better justification to the
internal crosslinking capabilities of each lignin structure based on plant source.
Also, the overall hydroxyl group number of the lignin calculated from the integration
of the 31P-NMR data can help discern how significant a role the number of hydroxyl
groups play in the influence of targeted mechanical properties of the lignin-based
polyurethane samples based on plant source.

Scanning Electron Microscopy
Scanning electron microscopy (SEM) is an instrumental microscopy that
uses an electron microscope to produce images of samples by using a focused
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Figure 10. A scheme of the phosphitylation of lignin hydroxyl groups
between 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) and
the different lignin hydroxyl groups.117
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beam of high-energy electrons to scan an area of a solid sample. 122,123 The
electrons that are in the focused electron beam interact with the surface of the
sample and provide topographical and conformational information about the
sample. This is performed when electrons are accelerated through an electron
gun within the electron microscope. The electrons then travel and are focused
through a series of lenses before coming in to contact with the sample. These
accelerated electrons contain considerable amounts of kinetic energy by the time
they come in to contact with the surface of the sample. At this time, the electronsample interaction dissipates the kinetic energy of each electron and secondary
electrons and backscattered electrons are produced.122 The secondary electrons
and backscattered electrons are then detected by a photodetector which then
produces a signal. This signal is what is used to generate a two-dimensional
image.122

Back scattered electrons are valuable for imaging the contrast in

multiphase samples while secondary electrons are mainly used for obtaining
morphological and topographical information of a sample.124
Scanning electron microscopy is a widely used instrumental microscopy for
the study of solid materials, including polymers.101,125–127 Very minimal sample
preparation is needed and fast data acquisition is normal to obtain SEM images.
Furthermore, because of the use of a series of lenses very high-resolution images
of features and objects down to the nanometer scale is possible.128 It is also
practicable to achieve images showing distinct phase identification contained in
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multiphase samples and can even be used for crystalline structure analysis and
filler/fiber dispersion analysis.127

Atomic Force Microscopy
Atomic force microscopy (AFM) is a type of scanning microscopy that is
used to attain very high-resolution images and other information of the surface of
an array of samples including hard, soft, rubbery, conductive and biological
samples.127–129 This is performed by using a sharp tip at the end of a small
cantilever, typically made from silicon or silicon nitride, a piezoelectric element, a
focused laser, and a photodetector, as shown in Figure 11. The cantilever is
attached to the piezoelectric element and the laser is then focused on to the end
of the cantilever.127,128 The tip of the cantilever is then lowered and brought in
contact with the surface of the sample and begins scanning in very precise
movements that are directed by the piezoelectric element. As the tip scans across
the surface of the sample in a raster motion the laser is reflected by the cantilever
and hits the photodetector which tracks the movement of the laser which captures
the surface topography of the sample.127,128
Atomic force microscopy is usually performed in one of three modes:
contact mode, non-contact mode, and tapping mode.127,128 In this research only
tapping mode was used. During tapping mode, the cantilever is oscillated by the
piezoelectric element at its natural frequency that is calculated by the AFM
instrument and its software. During tapping mode, the tip is not in constant contact
with the sample, but instead “taps” the surface of the sample while scanning due
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Figure 11. Diagram of an AFM instrument and contact and tapping modes.130
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to its oscillator motion. Doing so causes less damage to the sample and tip and
provides more accurate topographic measurements.127

Neutron Reflectometry
Neutron reflectivity is an instrumental technique that is used to study thin
films by measuring their thickness and provides information on the behavior of
materials at surfaces and interfaces.131

Spatial resolution as low as 5 Å is

attainable with the use of neutron reflectivity. Although other techniques such as
forward recoil spectrometry, Rutherford backscattering spectrometry and
secondary ion mass spectrometry can attain depth profiling spatial resolutions that
rival neutron reflectometry, these techniques can cause damage to the
material.132,133

Neutrons are non-destructive and, therefore, allows a single

sample to be measured multiple times using neutron reflectivity.132
Neutron reflectivity is performed by focusing a neutron beam at a sample at
a very shallow angle. Neutrons that make up the focused neutron beam then
interact with the sample where a part of the beam is reflected by the interface and
the other part is refracted through the sample due to the difference in refractive
indices between two layers, as shown in Figure 12. The angles of the reflected
and refracted beams follow Snell’s Law, 𝑛1 𝑐𝑜𝑠𝜃1 = 𝑛2 𝑐𝑜𝑠𝜃2 , where 𝑛1 and 𝑛2 are
the neutron refractive indices of Layer 1 and Layer 2, respectively. The incident
angle and angle of refraction are 𝜃1 and 𝜃2 , respectively, and the angle of reflection
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Figure 12. Diagram of an incident neutron beam interacting with a polymer
thin film.
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is 𝜃𝑟 . Layer 1 for most systems is air and therefore 𝑛1 = 1. With 𝑛2 < 1, the
incident angle will be larger than the refraction angle giving rise to a critical angle,
𝜃𝑐 , where the neutron beam is totally reflected when 𝜃1 ≤ 𝜃𝑐 .

Therefore, an

incident angle ≥ 𝜃𝑐 must be chosen to obtain information on hidden surfaces and
interfaces.
𝑛 = 1 − 𝛿 + 𝑖𝛽
𝜆2 𝜌
𝛿=
2𝜋

(4)
(5)

Equation 4 describes the neutron refractive index, where 𝛿 is the real
component and 𝛽 is the imaginary part. The real component, 𝛿, is on the order of
10-6 and is described in Equation 5, where 𝜆 is the neutron wavelength and 𝜌 is the
scattering length density of the material.133 In cases using soft materials such as
polymers, the imaginary part is nearly zero, therefore, it can be neglected. 133 The
scattering of neutrons is different from x-rays where neutrons scatter off the nuclei
of atoms whereas x-rays scatter from the electron cloud.132 The advantage of
using neutron scattering is the differences in scattering lengths. For example, the
scattering lengths of hydrogen 1H and deuterium 2H are −3.74 𝑥 10−6 Å-1 and
6.67 𝑥 10−6 Å-1, respectively.132 By labeling one component of a system with
deuterium, a neutron contrast variation is formed allowing the study of interfacial
layers that are not possible otherwise.
An example of a neutron reflectivity profile of a sample on top of a silicon
dioxide surface is presented in Figure 13. The fringes observed in the reflectivity
profile are due to constructive and destructive interference from the reflected beam
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Figure 13. A representative neutron reflectivity profile of a polymer film on
top of a silicon dioxide surface with a thickness of 50 nm and a roughness
of 1 nm.
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that are brought on by the top and bottom interfaces of the sample. From the
fringes, the distance between two minima (q) are used to calculate the thickness
of the sample (D) by using the equation 𝐷 =

2𝜋
𝑞

. Also, the critical edge can be

analyzed to determine the chemical composition of the material at the surface.
Mathematical models of the density profile have been developed to fit the
reflectivity profiles from which structural information within the film is provided.

45

CHAPTER 3: THE EFFECT OF PLANT SOURCE ON LIGNINBASED POLYURETHANES
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Materials and Methods
Synthesis of Lignin-based Polyurethane Samples
Three different lignins, each from their own plant source, were used in the
work for this thesis: (1) a Kraft processed lignin from a softwood source, a
lignosulfonate lignin from a hardwood source, and a soda processed lignin from a
wheat straw source. The softwood Kraft lignin (SWKL) was purchased from TCI
America. The hardwood lignosulfonate lignin (HWLS) was supplied by Borregaard
Lignntech and the wheat straw soda lignin (WSSL), also called Protobind 1000,
was supplied by GreenValue LLC. The HWLS and the WSSL were used as
received while the SWKL was subjected to an acid wash to further purify the
product. The SWKL was purified using the following method. Approximately 10g
of SWKL was added to 300mL of 2M hydrochloric acid (HCL) and the SWKL/HCL
solution was allowed to stir for 3 hours open at ambient temperature and open to
air. The SWKL/HCL solution was then filtered using a fritted funnel with a porosity
of 4-5.5 µm to obtain the SWKL particles from the solution. This step was repeated
2 more times and then the SWKL was washed a few times with deionized water to
remove any leftover HCL. The SWKL was then placed in a vacuum oven and dried
overnight under a vacuum strength of 30 mmHg at 60 °C. The dried SWKL powder
was then placed in a vial and stored in a desiccator.
Hexamethylene Diisocyanate (HMDI) and polypropylene glycol (PPG) (MN
= 2,300 g/mol) that is end-capped on both ends with toluene-2,4-diisocyanate
(TDI) was used as the isocyanate crosslinker during the synthesis with polyol lignin
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to synthesize lignin-based polyurethane samples.

The structure of the TDI-

endcapped PPG crosslinker is shown in Figure 14. The isocyanates were kept
inside a glove box charged with inert nitrogen gas to minimize its reaction with
moisture. Before synthesis, the lignin being used was heated and dried under full
vacuum over night to remove any moisture content. The lignin was then capped
in a vial and transferred to the nitrogen glove box and stored. All steps for the
reaction of lignin with isocyanate to synthesize lignin-based polyurethanes were
performed in the nitrogen glove box.
Polyurethane Synthesis Procedure
Two grams of choice isocyanate was weighed in a 50mL beaker and was
allowed to stir mechanically on a hotplate at 100 °C for a few minutes. Eight drops
of dibutyltin dilaurate (DBTDL) purchased from Sigma-Aldrich was then added as
a catalyst and the isocyanate/DBTDL mixture was mechanically stirred at 100 °C
for 10 minutes to produce a homogenous mixture. An amount of lignin that gave
the desired lignin weight percent (wt%) was weighed out into a vial and then added
to the isocyanate/DBTDL mixture. The lignin/isocyanate/DBTDL mixture was then
allowed to stir on a hotplate at 100 °C until the viscosity of the mixture increased
due to the progress of the polymerization. The mixture was then poured into a
Teflon® mold and allowed to cure at room temperature overnight inside the
nitrogen glove box. The dimensions of the mold allowed the formation of samples
appropriate as a dual-cantilever sample for the DMA Q800 (TA Instruments)
instrument with dimensions 57 mm x 12.5 mm x ~3.5 mm (L x W x H). When PPG
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Figure 14. Structure of the TDI-endcapped PPG crosslinker used for the
synthesis reaction with the lignin polyols.
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was used as the cross-linker, a variety of lignin contents (20, 30, 40, 50, and 60
wt%) were used to synthesize the lignin-based polyurethanes. A reference PU
sample was synthesized using the same method as described for the lignin-based
PU samples with a hydroxy-terminated PPG (MN = 2,000 g/mol) being used as the
polyol. When HMDI was used as the cross-linker, only lignin-based PU samples
with 40 wt% lignin loading were synthesized.
DMA
Mechanical properties measurements were performed using a DMA Q800
(TA Instruments) with the dual cantilever geometry and calibrated using the TA
Instruments calibration kit. Samples were made by curing in a Teflon® mold with
the dimensions 57 mm x 12.5 mm x 3.5 mm (L x W x H). Sample specimens with
dimensions 57 mm x 12.5 mm x ~3.5 mm (L x W x H) were then inserted into the
DMA set up and were tested at 30 °C and 0.1% strain with a frequency of 1 Hz.
Shore Hardness
The Shore hardness of all lignin-based polyurethane samples were
measured according to the ASTM D2240-15 standard procedure with a Type A
Model 2000 Durometer made by Rex Gauge Company. Since all lignin-based
polyurethane samples did not have a thickness of 6 mm, samples of the same
lignin plant source and lignin wt% were plied together to create a sample with the
appropriate thickness. Once plied together, samples were measured in three
separate areas along the sample.
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DSC
Thermal properties of the samples were measured using a DSC Q2000 (TA
Instruments), where an Indium standard was used for heat flow and temperature
calibration. Samples weighing between 5 to 10 mg were cut from DMA samples
and weighed using a Cahn C-33 microbalance. The samples were then placed in
a pre-weighed aluminum standard DSC pan. The samples were heated at a rate
of 10 °C per minute over the temperature range of -80 °C to 150 °C in a sample
chamber charged with inert nitrogen gas.
31P-NMR

Phosphorus-31 nuclear magnetic resonance spectroscopy was used to
determine the hydroxyl group content of the lignin’s used in this work. All lignin
samples were dried before use to eliminate any moisture content due to its high
reactivity with the phospholane reagent. Approximately 20 mg of an accurately
weighed dried lignin sample was added to a 400 µL dimethylformamide/pyridine
(1:1, v/v) solution and 200 µL of internal standard solution inside an NMR tube.
The internal standard was made by mixing 75 mg cyclohexanol (CH) (SigmaAldrich, 99%) as a standard with 10.084 g deuterated chloroform (CDCl3) and 20
mg chromium(III) acetylacetonate as a relaxation reagent. The sample solution
was then derivatized with 100 µL of the phospholane reagent 2-chloro-4,4,5,5tetramethyl-1,3,2-dioxaphospholane (TMDP) (Sigma-Aldrich, 95%). The sample
mixtures were analyzed using a JEOL 400 MHz NMR spectrometer over 128 scans
with inverse-gated decoupling, a 90° pulse, and a 25-second pulse delay.
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A total of five 31P-NMR samples for each lignin source were run to determine
an average hydroxyl group concentration and a standard deviation based on lignin
source. Mestrenova software was used to integrate all

31P-NMR

data, where the

steps for integration are as follows. The NMR data was apodized with exponential
line broadening with a value of 5 Hz and the phase was adjusted. The spectra
were referenced to the peak at 132.2 ppm which is associated with the reaction of
TMDP with water. The baseline was adjusted using a Bernstein polynomial fit with
a parameter of 6. The peaks were then integrated and the ratios calculated with
respect to the cyclohexane peak which was given a value of 1. The areas used
for integration and their respective hydroxyl group types are given in Table A1 of
the Appendix. The following equations, as obtained by Olarte et. al., were used to
calculate the concentrations of each hydroxyl group type.134
𝑚𝑚𝑜𝑙 𝐶𝐻 =

𝐶𝐻𝑚𝑎𝑠𝑠 (𝑔)
𝐶𝐻 𝑝𝑢𝑟𝑖𝑡𝑦
×
× 1000
𝑔
100
100.158
𝐶𝐻
𝑚𝑜𝑙

(6)

𝑚𝑚𝑜𝑙 𝐶𝐻
(
) × 𝐼𝑆𝑇𝐷 𝐴𝑙𝑖𝑞𝑢𝑜𝑡 (𝑔))
𝐼𝑆𝑇𝐷 𝑆𝑡𝑜𝑐𝑘 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑔)
[𝐶𝐻] =
𝑁𝑀𝑅 𝑠𝑎𝑚𝑝𝑙𝑒𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑔)
𝐼𝑖
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑟𝑒𝑔𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡
=
𝐼𝐶𝐻
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑙 𝑟𝑒𝑔𝑖𝑜𝑛
𝐼𝑖
𝑚𝑚𝑜𝑙 𝑂𝐻 (𝐼𝐶𝐻 ) × [𝐶𝐻] × 𝑁𝑀𝑅 𝑠𝑎𝑚𝑝𝑙𝑒𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑔)
=
𝑔 𝐿𝑖𝑔𝑛𝑖𝑛
𝐿𝑖𝑔𝑛𝑖𝑛𝑚𝑎𝑠𝑠 (𝑔)

(7)

(8)

(9)
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SEM
The morphology of the lignin-based polyurethane samples were
investigated using a Zeiss Auriga 40 field emission scanning electron microscope.
Samples were cut from bulk material and were not coated during sample prep.
Images were captured using a secondary electron detector lens and a voltage level
of 1.00 kV.
AFM
Images of the phase morphology of the lignin-based polyurethane samples
were scanned using an Asylum Research MFP-3D Infinity atomic force
microscope. Samples were cut from bulk material and were imaged under tapping
mode. The cantilevers used were obtained from AppNano and were made from
silicon without any coating and had a resonant frequency range of 200 to 400 kHz
and a spring constant of 13 to 77 N/m. The AFM images were analyzed using the
WSxM 5.0 software.135

Results & Discussion
For the work performed in this thesis, lignin extracted from a hardwood
source, a softwood source, and a non-wood source were obtained to study the
effects that the plant source of the lignin has on targeted mechanical properties of
lignin-based polyurethanes. As previously discussed, the lignin is used as a polyol
and reacted with a rubbery cross-linker to synthesize the lignin-based
polyurethane samples at multiple lignin loadings. The use of the rubbery cross53

linker allows the synthesis of cohesive samples that are not too brittle to be tested.
Synthesis of lignin-based polyurethanes with varying lignin loadings provides a
pathway to monitor the correlation between targeted mechanical properties and
lignin loading and correlate these changes to lignin plant source.
Mechanical Properties
DMA was used to understand the influence that lignin source has on the
mechanical properties of the lignin-based PU samples. The storage and loss
modulus of all lignin-based PU samples were obtained. Figures 15 and 16 show
the storage and loss modulus of the polyurethanes synthesized with TDI-PPG-TDI
crosslinker with lignin content ranging from 20 to 60 wt%. Table A2 and Table A3,
located in the Appendix, provide the tabulation of this data. It is clear from Figure
15 that, for all three lignin sources, the storage modulus increases with lignin
loading.

This can be explained as the lignin is the rigid component in the

polyurethane, while the di-isocyanate PPG is the rubbery component. Thus, the
rigid lignin provides mechanical strength and elastic response to the system while
the PPG is the rubbery cross-linker that brings a more viscous response to the
sample.

As the ratio between rigid and rubbery component increases, the

mechanical stiffness increases, resulting in a higher storage modulus, as seen in
Figure 15.
The data in Figure 15 also show that the lignin-based PU samples that were
synthesized using the WSSL provided the highest storage modulus at all lignin
loadings, while the samples synthesized using the HWLS provided the lowest
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Figure 15. Storage modulus values of the lignin-based PU samples obtained
using DMA.

55

Figure 16. Loss modulus values of the lignin-based PU samples obtained
using DMA.
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storage moduli. The storage moduli of the SWKL and HWLS based polyurethanes
exhibited similar storage moduli. At lower lignin loadings (20, 30, and 40 lignin
wt%), the difference between the storage moduli of these two samples is minimal.
However, the difference between these storage moduli increases at higher lignin
loadings (50 and 60 lignin wt%). Even though the storage moduli of the SWKL
and HWLS samples are similar, SWKL samples consistently exhibited higher
moduli than the HWLS samples at all lignin loadings.
Figure 17 shows the Shore hardness (Type A) of all lignin-based PU
samples synthesized with TDI-PPG-TDI crosslinker, which generally agree with
the storage moduli obtained via DMA. The numerical values of the data presented
in Figure 17 are tabulated in Table A4 in the Appendix. All three lignin sources
show an increase in hardness as lignin loading increases. This is again due to the
increased rigidity that results from the larger lignin content. The increased rigidity
that results from the incorporation of more lignin increases the resistance to
deformation under a compressive force, due to the decrease in molecular mobility
with added cross-linking.
Lignin-based PU samples synthesized using WSSL show a higher Shore
hardness at all lignin loadings than the SWKL and HWLS samples, while the SWKL
samples show a higher Shore hardness at all lignin loadings than the HWLS
samples. This trend is also in agreement with DMA results depicting a more
crosslinked material for WSSL samples. At higher lignin loading, the hardness
values for the WSSL samples deviate from a linear trend due to the hardness value
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Figure 17. Shore hardness (Type A) results for all lignin-based PU samples.

58

reaching the limits of the Type A durometer used for testing. Values that are close
to the limits of the durometer used are considered to have more uncertainty.
To fully explain the mechanical testing results, it is important to understand
what is happening at the nano- and microscale as the structure at that these length
scales highly influences the mechanical properties of a polymer material. This will
allow a more thorough explanation on why the WSSL samples provides higher
storage modulus values compared to the SWKL and HWLS samples. Atomic
Force Microscopy and SEM, along with DSC, were used to look at the thermal and
phase behavior, as well as the morphology of lignin polyurethanes with 20 wt%,
40 wt% and 60 wt% lignin loading.
Thermal Properties
The thermal response of the pure lignins and the lignin-based PU samples
were obtained using differential scanning calorimetry (DSC). The glass transitions
(Tg’s) of select polyurethanes are shown in Table 1 and the DSC scans are
presented in Figures A1 – A3 located in the Appendix. Examination of the pure
lignins show that the WSSL has the highest Tg while the HWLS displays the lowest
Tg. This is a result of the variation in monolignol content of the various plant source
lignins. All lignin-based PU samples show multiple Tg’s, which is indicative of the
presence of multiple phases. At low lignin loadings, only one Tg is observed by
DSC for all lignin sources and is associated with the PPG-dominant domain. As
lignin loading increases, a second Tg at a higher temperature is observed for the
HWLS and WSSL samples and is associated with a lignin-dominant phase.
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Table 1. Tg values obtained from DSC scans of lignin-based PU samples of
20 wt%, 40 wt% and 60 wt% lignin.
Tg
Sample
HWLS

SWKL

WSSL

Pure Lignin:

47

91

116

20 wt% Lignin:

-52

-52

-48

40 wt% Lignin

-51, 26

-50

-45

60 wt% Lignin:

-51, 2, 26

-46

-42, 10, 110

Pure PPG PU:

-53
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Samples synthesized with SWKL did not show an observable second T g, which we
ascribe to the faint nature of the Tg of the pure SWKL.
Nano and Microscale Morphology
Phase images obtained via AFM of the various lignin polyurethanes are
shown in Figure 18, while the microscopic structure of these samples as
determined by SEM are shown in Figure 19. Both of these sets of images also
confirm a multi-domain sample, and is easily seen in HWLS and SWKL samples.
Figure A4, located in the Appendix, provides SEM images of each lignin before
being used for synthesis. Aggregation is observed in both AFM and SEM images
for the HWLS samples at all lignin loadings and the aggregates become more
abundant on both the nanoscale and microscale as the lignin loading increases in
the polyurethanes. The aggregates observed in the SEM images of the HWLSbased PU samples are similar in size to those found in the SEM images of the pure
HWLS, indicating a modest level of mixing between the PPG and the HWLS. Voids
between the aggregates and the surrounding matrix as observed in the SEM also
indicates that the HWLS and the PPG do not mix as well as the other lignins do.
The size of the HWLS particles, along with the minimal level of mixing inhibits the
extensive dispersion of the HWLS in the final polyurethane, detrimentally impacting
the mechanical properties. This modest level of mixing is also consistent with the
glass transition behavior of the samples, where the Tg of the soft phase (-51 to -53
°C) does not vary much from the Tg of the PPG precursor (-53 °C).
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Figure 18. AFM phase images of lignin-based PU samples at 20 wt%, 40 wt%
and 60 wt% lignin loading.
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Figure 19. SEM Images of lignin-based PU samples with 20 wt%, 40 wt%, and
60 wt% lignin loading.
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The AFM images of the SWKL-based PU samples do not show the
presence of aggregates indicating better mixing on this length scale. A result of
this improved dispersion of the SWKL is that small distinct domains of a continuous
phase are formed, as seen in AFM images, and become more prominent at 60
wt% SWKL loading. Images provided by SEM still show a poor level of mixing on
the microscale with the appearance of large particles similar in size to those
observed in pure SWKL. Voids are also observed between the particles and the
surrounding matrix indicating poor interfacial adhesion. These particles and voids
deteriorate the mechanical properties of the SWKL-based PU samples, similar to
the HWLS samples. However, the improved mixing observed at the nanoscale
improves the mechanical properties of the material relative to that of the HWLS
samples, resulting in higher storage moduli.
For WSSL-based PU samples, AFM images show dramatically improved
mixing relative to the SWKL and HWLS samples. As the WSSL lignin loading
increases, the AFM images show the formation of large continuous domains that
are considerably larger than those found in images of SWKL samples. These
continuous domains are a result of better mixing in the WSSL samples.

As

observed in the SEM images of the pure lignins, large particles are not found in
the WSSL images indicating smaller particles in the starting material. The smaller
WSSL particles provide a pathway for greater dispersion throughout the material
leading to more enhanced mechanical properties. The SEM images of the WSSL
polyurethanes show areas with a smooth surface and some with rough surfaces
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indicating multiple domains in the sample. However, unlike the SWKL samples
and HWLS samples, there are no voids between these domains, indicating strong
adhesion between domains. Because of the improved mixing, the absence of
large lignin particles, and strong adhesion between domains, the WSSL samples
attain a higher modulus than the other lignin samples at all lignin loadings.
These differing levels of mixing can also correlate well to the observed
thermal behavior of the polyurethanes as determined by DSC.

The T g

corresponding to the PPG-rich phase increases with lignin loading for all lignins,
indicating the incorporation of lignin into these phases. Moreover, the amount of
increase in the Tg of this rubbery phase corresponds to the extent of mixing of the
PPG and lignin in this phase. For the HWLS, the T g increases from -53 °C to -51
°C, indicating poor mixing between the HWLS and the PPG. The T g of the PPGrich domain is -46 °C for the 60 wt% SWKL sample and -42 °C for the WSSL
sample; changes of +7 °C and a +11 °C, respectively. These indicate better mixing
between the SWKL and WSSL lignins and the PPG, in qualitative agreement with
the microscopic images, particularly for the WSSL samples. These results also
correlate to the mechanical properties of the polyurethanes, where the formation
of continuous domains in the WSSL samples, the better mixing of the PPG and
lignins in the rubbery phase, and improved adhesion between the domains inhibits
the rubbery behavior of the PPG chains enhancing the storage modulus of the
material. An opposite effect is evident in the HWLS samples where the limited
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miscibility between the lignin and PPG offer minimal improvement in the storage
modulus with addition of lignin.
Correlation to Molecular Level Structure
Correlating the molecular level structure of the lignins to the morphology
and mechanical properties provides further insight into the importanct of plant
source on the properties of the synthesized lignin based polyurethanes.
discussed earlier,

31P-NMR

As

provides the hydroxyl group concentration of each

lignin with the ability to distinguish between hydroxyl group types. Therefore,

31P-

NMR was used to obtain a better understanding of the structure and reactivity of
each lignin by source.
The analysis of the

31P-NMR

data is shown in Table 2 and the hydroxyl

group to isocyanate group ratios (OH:NCO) are given in Table 3. Examples of the
31P-NMR

data for all three lignin sources are shown in Figure A5 located in the

Appendix.

Overall, HWLS lignin contains a higher total hydroxyl group

concentration while SWKL and WSSL have approximately the same hydroxyl
content. The NMR data also shows that the HWLS contains approximately four
times more aliphatic hydroxyl groups than SWKL and WSSL while the SWKL and
WSSL contain more phenolics groups. Based on this knowledge alone, it would
be expected that samples synthesized using HWLS would produce a more crosslinked material and therefore a material with higher mechanical properties than
samples synthesized with SWKL or WSSL. However, according to DMA and
hardness testing results, that is not the case, as the HWLS polyurethane has the
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Table 2. Hydroxyl group type concentrations for each lignin source
determined by 31P-NMR.
Hydroxyl Group
Type

Hydroxyl Group Type Concentration (mmol OH/g Lignin)
HWLS

SWKL

WSSL

Aliphatic:

5.71 (±0.04)

1.45 (±0.12)

1.30 (±0.12)

C5-condensed:

0.12 (±0.02)

0.69 (±0.05)

0.55 (±0.04)

(S) Syringyl:

0.35 (±0.01)

-

0.54 (±0.02)

(G) Guaiacyl:

0.28 (±0.01)

1.17 (±0.11)

0.80 (±0.05)

(H) p-Coumaryl:

-

0.11 (±0.02)

0.30 (±0.03)

Carboxylic Acid:

0.32 (±0.07)

0.60 (±0.07)

0.70 (±0.08)

Total:

6.86 (±0.1)

4.02 (±0.23)

4.19 (±0.1)
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Table 3. Calculated OH:NCO ratios for lignin-based PU samples with 20
wt%, 40 wt%, and 60 wt% lignin loadings.
OH:NCO Ratio’s
Lignin wt%

20

40

60

Lignin
Source

Total

Aromatic

Aliphatic

Carb. Acid

HWLS

1.97

0.24

1.64

0.09

SWKL

1.16

0.57

0.42

0.17

WSSL

1.20

0.63

0.37

0.20

HWLS

5.26

0.64

4.38

0.25

SWKL

3.08

1.51

1.11

0.46

WSSL

3.21

1.68

1.00

0.54

HWLS

11.38

1.43

9.85

0.55

SWKL

6.93

3.40

2.50

1.04

WSSL

7.23

3.78

2.24

1.21
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lowest mechanical properties at all lignin loadings. This apparent discrepancy can
be explained by the aggregation of the lignin observed by AFM and SEM, which
inhibits the accessibility of these hydroxyl groups to react with the isocyanate. The
limited number of hydroxyl groups able to react with the isocyanate results in a
polyurethane with fewer cross-links leading to the inferior storage modulus and
Shore hardness.
Even though SEM images of SWKL polyurethanes showed aggregation
within the sample, the AFM images exhibited improved mixing at the nanoscale
level compared to HWLS samples. This improved dispersion of SWKL relative to
HWLS increases the accessibility of the hydroxyl groups of the SWKL to react with
the isocyanate moieties. This is even though SWKL has a lower hydroxyl group
concentration than the HWLS, and emphasizes that greater hydroxyl group
accessibility is more important than the amount of hydroxyl groups present in the
formation of crosslinks and improvement of the storage modulus of the synthesized
polyurethanes. Although there is better dispersion at the nanoscale, SEM images
still show aggregation throughout SWKL samples, which limits the modulus of the
material. The balance of these two factors therefore control the modulus of the
SWKL samples, which are higher than that of the HWLS samples, but lower than
the WSSL samples.
The large continuous phases observed in the AFM of WSSL polyurethanes
and the adhesion between domains in the SEM images indicate a higher level of
mixing in WSSL samples. Thus, although WSSL, like SWKL, contains fewer
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hydroxyl groups than HWLS, even more hydroxyl groups are accessible to react
with the isocyanate due to the improved mixing. This improved reactivity leads to
higher amounts of cross-linking giving rise to improved adhesion between domains
seen in the SEM images. The greater amount of cross-linking enhances the
mechanical properties of the material leading to a higher modulus for WSSL
polyurethanes when compared to the SWKL samples and HWLS samples.
Therefore, while the amount of hydroxyl groups that exist in each lignin,
which is controlled by its plant source, impacts the reaction of the lignin with the
isocyanate, the accessibility of the hydroxyl groups is more important in controlling
the extent of reaction between the lignin and isocyanate. The domain adhesion
and mixing found in the WSSL, brought on by more rigid urethane linkage
formation, produces a more rigid framework increasing the mechanical properties
of the WSSL samples beyond those of HWLS samples and SWKL samples.
Aggregation of particles and poor domain adhesion in the HWLS and SWKL
polyurethanes leaves voids and decreases the continuity of the lignin/PPG
framework lowering the mechanical properties of the material. The SWKL samples
show better overall mechanical properties than the HWLS samples due SWKL’s
higher level of mixing on the nanoscale, yet are less rigid than the WSSL samples
due to the aggregation that is also found throughout the framework albeit to a
lesser extent than HWLS.
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Effect of Cross-linker Size on Mechanical Properties
As mentioned earlier, the size and shape of the polyisocyanate and the
polyol greatly effects the properties of the resultant polyurethane. Until now, the
work performed in this thesis covered lignin-based PU samples that were
synthesized using a TDI-PPG-TDI isocyanate that installs rubbery elements into
the matrix of the material. With there being a wide variety of isocyanates available
for use, the implementation of only one isocyanate to make lignin-based PU
samples gives a limited understanding on the effect lignin plant source has on the
properties of lignin-based PU materials.

Therefore, the utilization of multiple

isocyanates differing in structure will allow for a more complete understanding of
how lignin source effects mechanical properties of lignin-based PU materials.
Because of the rubbery nature of PPG, hexamethylene diisocyanate
(HMDI) was chosen as a shorted telechelic cross-linker due to its low chain length.
The storage moduli of the materials were measured using DMA and the results for
the storage modulus can be seen in Figure 20. Compared to the results of
polyurethanes synthesized using TDI-PPG-TDI with 40 wt% lignin loading,
polyurethanes cross-linked with HMDI exhibited higher storage modulus by factors
of 220, 260, and 35 for HWLS, SWKL, and WSSL samples, respectively. This is
due to the significantly shorter chain length of the HMDI, which does not offer as
much ability to absorb energy and soften the lignin-based PU system as the PPG.
The shorter HMDI chain length creates a stiffer matrix throughout the material
leading to a significantly higher storage modulus. The DMA data also shows that
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Figure 20. Storage modulus values obtained via DMA of lignin-based PU
samples synthesized using HMDI as cross-linker.
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the HMDI polyurethane synthesized using SWKL produced the highest storage
modulus while the WSSL sample has the lowest storage modulus. This is different
than the lignin-based PU samples synthesized with PPG, where the polyurethanes
synthesized with WSSL provided the highest storage modulus. This indicates that
the size of the soft cross-linker not only effects the storage modulus of the ligninbased PU, but that the effect of each plant source on the mechanical properties of
lignin-based PU materials is dependent on the size of the soft cross-linker.
The thermal properties of these polyurethanes as determined by DSC,
presented in Figure 21, do not show a significant thermal transition within the
temperature windows scanned.

The scans were run from just below to

approximately 40 °C above the Tg of the lignin source used.

Images of the

morphology of the lignin-based PU samples synthesized with HMDI were obtained
via SEM and are shown in Figure 22. These images reveal a different morphology
than observed in the lignin-based PU samples synthesized with the TDI-PPG-TDI
cross-linker. The morphology of the HWLS sample and the SWKL sample are
devoid of large aggregates and are uniform throughout. This uniform morphology
with an absence of aggregation suggests that the HMDI, due to its smaller size,
can penetrate and break up the lignin aggregates during the polymerization,
allowing for a higher level of mixing between the HMDI and the HWLS and SWKL.
The PPG cross-linker, on the other hand, is not able to penetrate the lignin
aggregates due to its larger size allowing lignin aggregates to persist throughout
the matrix. Even though a higher level of mixing with the HMDI is also observed
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Figure 21. DSC scans of 40 wt% lignin-based PU samples synthesized with
HMDI.
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Figure 22. SEM Images of 40 wt% lignin-based PU samples synthesized with
HMDI.
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with the WSSL when compared to that observed in the PPG based polyurethanes,
the morphology is not as uniform as in the HWLS sample and SWKL samples.
This indicates that the WSSL particles dispersed better when reacted with the
HMDI than when reacted with the PPG, however, the particles were not fully
penetrated by the HMDI allowing the WSSL particles to remain throughout the
synthesized polyurethane matrix. The lower level of dispersion of the WSSL
particles lowers the modulus of the WSSL-based PU material relative to the moduli
of its HWLS and SWKL counterparts.
The OH:NCO ratios were also calculated for the lignin-based PU samples
synthesized with HMDI and are given in Table 4. These ratios show there are
more isocyanate moieties in the polymerization reactions that incorporate HMDI
allowing all lignin hydroxyl groups to react given they are accessible to the
isocyanate. Coupled with an increase in dispersion observed in all lignins with
HMDI, more cross-links are formed throughout the matrix ultimately enhancing the
mechanical properties, as seen by DMA results. The higher moduli of the HWLS
and SWKL samples compared to the WSSL sample are due to the uniform
morphology found in the HWLS and SWKL samples. Although the HWLS contains
a higher OH concentration, the modulus of the SWKL sample is higher than the
HWLS sample.

This is due to more aromatic hydroxyl groups in the SWKL

structure than the HWLS structure forming a more rigid matrix with a higher
modulus.
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Table 4. OH:NCO ratio's of the lignin-based PU samples synthesized with
HMDI.
OH:NCO Ratio’s
Lignin
Total

Aliphatic

Aromatic

Carb. Acid

40 wt% HWLS

0.39

0.32

0.05

0.02

40 wt% SWKL

0.22

0.08

0.11

0.03

40 wt% WSSL

0.23

0.07

0.12

0.04
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Conclusion
The lignin plant source clearly affects the mechanical properties of ligninbased polyurethane materials. The storage moduli of lignin-based polyurethanes
synthesized with PPG cross-linker increased with lignin loading for all three lignin
sources due to lignin acting as the rigid component. Polyurethanes synthesized
with WSSL lignin exhibited the highest storage modulus at all lignin loadings, while
HWLS provided the lowest. The Shore hardness of the lignin-based PU’s agreed
with storage moduli obtained via DMA showing that the hardness of the
polyurethane increased with lignin loading and that WSSL samples exhibited the
highest hardness at all lignin loadings while those synthesized with HWLS
provided the lowest.
To

understand

the

mechanical

testing

results

for

lignin-based

polyurethanes crosslinked with the PPG cross-linker, we looked at the differences
in morphology between lignin-based PU’s based on plant source.

Thermal

transitions of select polyurethanes obtained via DSC indicate the presence of a
multi-phase morphology for all lignin-based polyurethanes with the appearance of
multiple Tg’s. Differing levels of mixing between all lignin sources was observed in
SEM images and phase images obtained via AFM. Polyurethanes synthesized
with HWLS showed the poorest level of mixing with PPG due to the observance of
aggregates in both SEM and AFM images drastically lowering the mechanical
properties. Although aggregates were seen in SEM images of SWKL samples,
distinct domains of a continuous phase are seen in relative AFM images indicating
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better mixing with the PPG leading to enhanced mechanical properties relative to
HWLS samples. Smaller particle size for WSSL lignin led to even better mixing
with PPG resulting in larger domains of a continuous phase than those observed
in SWKL samples and domain adhesion. This resulted in WSSL samples providing
the highest storage modulus at all lignin loadings. These differing levels of mixing
correlated well with the observed thermal behavior of the polyurethanes where the
Tg corresponding to the PPG-rich phase increased, not only with lignin loading, but
also with the level of mixing indicating a drop in rubbery behavior of the PPG chains
and ultimately enhancing the storage modulus.
We used 31P-NMR to study the structure and reactivity of each lignin source
by obtaining the hydroxyl group concentration for all lignin sources. Data revealed
that HWLS contained the highest total hydroxyl group concentration while SWKL
and WSSL were relatively the same. However, due to the poor mixing between
the HWLS and the PPG not all hydroxyl groups were accessible to isocyanate
moieties hindering the number of cross-links that could form. More cross-links
could form in SWKL samples due to better mixing relative to the HWLS even
though SWKL contains a lower hydroxyl group concentration leading to a higher
storage modulus than HWLS samples. Due to the greatest amounts of dispersion
amongst lignin source, even more cross-links could form in WSSL samples s
allowing WSSL samples to provide the highest storage modulus.
Hexamethylene diisocyanate was utilized as a shorter telechelic crosslinker to obtain a more complete understanding of how lignin source effects
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mechanical properties of lignin-based PU materials. With the incorporation of a
shorter cross-linker the storage modulus of all lignin-based polyurethanes greatly
rose. With SWKL providing the highest storage modulus and WSSL providing the
lowest modulus which is different than what was seen when using the PPG crosslinker. Images of HWLS and SWKL samples obtained via SEM were devoid of
aggregates and uniform throughout indicating that the HMDI penetrated and broke
apart the aggregates allowing for more cross-links to form. This is not seen with
the WSSL sample where WSSL particles are still visible in SEM images which
ultimately decreases the storage modulus. The SWKL sample showed a higher
modulus than the HWLS sample due to containing more aromatic hydroxyl groups
allowing a more rigid matrix to form with a higher storage modulus. This indicates
that the size of the cross-linker impacts the effect each lignin sources has on the
mechanical properties of lignin-based materials.
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CHAPTER 4: A NEUTRON REFLECTIVITY STUDY OF THE
INTERDIFFUSION OF POLYSULFONE BILAYER FILMS
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Introduction
The diffusion of polymers plays a significant role in several applications
where polymers are employed, including coatings, adhesion, and packaging. The
driving force behind these applications are controlled by the diffusion behavior of
the employed polymers ultimately impacting the properties of the final product. 136
For example, cars are laminated with multiple coatings to provide protection to the
outer frame of the car from thermal and weather related forces. The lamination
process is completed by applying heat after depositing each coating. However, if
the most recently applied coating does not mix well enough with the previous
coating, there will be delamination. Therefore, it is crucial to understand the
diffusive properties of polymer materials and is essential to fine tune the properties
of multi-polymer films.
The diffusion of polymer chains depends on multiple factors such as the
molecular weights and structural rigidity of the components as well as the
annealing temperature. This, in turn, affects the morphology of the resultant thin
film and ultimately the chemical and mechanical properties. Over the past few
decades, many studies have been performed to understand the diffusion
characteristics of small molecules in a rubbery or glassy polymer matrix as well as
the interdiffusion of multi-polymer systems across an interface.80–87 Studies that
examined the interdiffusion of liquid/liquid polymer interfaces have accrued the
majority of the attention compared to glassy/liquid polymer systems due to
debatable results being reported for glassy/liquid polymer systems.87–91

For
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example, Composto et al.88 studied a bilayer system consisting of a pure
polystyrene (PS) thin film and a pure poly(xylene ether) (PXE) to observe the
interdiffusion of the rubbery PS chains and glassy PXE chains. Although they
determined that the interdiffusion process was Fickian, they did not obtain enough
data points to determine the interdiffusion of the interfacial layer and its
dependence on time.

Sauer et al.89 performed a similar study where the

interdiffusion of rubbery poly(vinyl methyl ether) (PVME) and glassy PS was
investigated in a bilayer thin film sample. They concluded that the broadening of
the interfacial layer moved toward the glassy PS layer with non-Fickian (Case II)
diffusion characteristics. Another study performed by Lin et al.90 examined the
interdiffusion characteristics of a bilayer sample made of rubbery PS and glassy
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) as a function of annealing time.
They determined that the interfacial layer moved towards the glassy PPO layer
with both Fickian and non-Fickian (Case II) characteristics where Fickian dynamics
dominated in the PS-rich side while non-Fickian dynamics dominated in the PPOrich side.
Similarly, a more recent work performed on PPO/PS systems by Li et al. 91
suggested that the interdiffusion dynamics of the interfacial layer followed only
Fickian characteristics instead of both Fickian and non-Fickian characteristics, as
reported by Lin et al. Another recent study performed by Du et al.87 on the
interfacial layer between glassy polycarbonate (PC) and liquid poly(methyl
methacrylate) (PMMA) concluded that the dynamics of the liquid PMMA chains
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slow down when entering the glassy PC region while the dynamics of the glassy
PC chains quicken as they entered the liquid PMMA region. These studies provide
a clear understanding of the controversial nature of the results obtained for
glassy/liquid systems on their diffusion mechanics and the difficulty to reach a full
understanding of the system. Therefore, continuing to study glassy/liquid polymer
systems is important to reach a more unified understanding of the diffusion
characteristics of these systems.
Polysulfones are a type of polymer that contains a sulfone group (SO 2) as
a part of its monomeric structure, usually in the aryl-SO2-aryl formation, and are
known for their high stability and toughness under elevated thermal conditions.
Because of their aromatic nature, polysulfones exhibit a semi-rigid confirmation.
Polysulfones are used in a number of applications that benefit from their robust
stability such as membranes, medical appliances, and sensors. 137 Semi-rigid
polymers are becoming more important in industry, including in the field of
conjugated polymers which are useful in applications such as light emitting diodes
and organic photovoltaics that exploit their conductive and photoluminescent
properties.138,139

Therefore, understanding the diffusion mechanics of these

systems will help to propel these technologies past their current capabilities.
Most interdiffusion studies performed on glassy/liquid polymer systems until
now have been performed on multiple distinct polymers which differ in chemical
structure. This provides a hindrance on understanding the diffusion mechanics of
the system due to the addition of important factors such as inter- and intra84

molecular forces between the polymers. Therefore, this work employed the use of
a low molecular weight polysulfone and two higher molecular weight polysulfones
to eliminate the effects cause by differences in chemical structure. From this work,
we observe how the rigidity of the polymer impacts its dynamics, an area not well
understood, and how these polymers diffuse through their own matrix. Doing so
provides an understanding to better fine tune the polymer’s applied performance
as a material.
Similar to other glassy/liquid systems whose interdiffusion mechanics have
already been studied, a bilayer sample was prepared using a deuterated
polysulfone (dPSU) of low molecular weight and one of two selected protonated
polysulfones (hPSU’s) of higher molecular weight. The two hPSU’s, Radel and
Udel, differed only slightly in chemical structure where Udel contains an extra
quaternary carbon within its monomeric structure. The structures of the deuterated
polysulfone (dPSU) and both protonated polysulfones (hPSU) are shown in Figure
23. The glassy and liquid behavior was achieved by thermal annealing at multiple
selected temperatures, all of which were higher than the Tg of the dPSU and lower
than the Tg of the hPSU’s. Doing so allowed the dPSU to enter a liquid state while
keeping the hPSU in a glassy state. The magnitude of interdiffusion was controlled
by thermal annealing at select time scales.

The interduffision of the bilayer

samples was probed using specular neutron reflectometry providing high depth
resolution compared to other techniques previously used due to the good
scattering length density contrast between the dPSU and hPSU’s.
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Figure 23. The chemical structures of the a) d-PSU, b) Radel® and c) Udel®.
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The work performed in this chapter was jointly carried out with Dr. Thusitha
Etampawala. Sample preparation and data collection were performed by the
author of this paper (Jason Lang) and Dr. Etampawala. The fitting of the Udel
bilayer reflectivity profiles were performed by the author while the fitting of the
Radel bilayer reflectivity profiles were performed by Dr. Etampawala. All scattering
length density profiles were generated and the diffusion coefficients were
calculated by Dr. Etampawala. The diffusion coefficients of common polymers
were calculated by the author and Dr. Etampawala.

Materials and Methods
Materials
The deuterated polysulfone (MN = 4,000 g/mol; PDI = 1.5) used in this
experiment was purchased from Polymer Source, Inc. Canada. Two protonated
polysulfones, with manufactured names Udel® and Radel®, were supplied by
Solvay Specialty Polymers, USA. All polysulfones were used as received.
Polysulfone Characterization
A gas pycnometer (Micromeritics, Accupyc II 1340) was used to measure
the densities of the polysulfones. Solutions for both protonated polysulfones in
N,N-dimethylformimide (DMF) (Sigma-Aldrich, 99.99%) were made and the
molecular weight (MN) and polydispersity index (PDI) were measured using gel
permeation chromatography (GPC) with a Waters model 510 pump, a Knauer
Smartline model 2300 RI detector, and a Rheodyne model 7725 manual injector
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with a 200 µL loop. Polystyrene standards were dissolved in DMF and used to
calibrate the GPC. A TA Instruments Q-1000 DSC with a heating rate of 10
°C/minute was used to measure the Tg of the polysulfones. Thin films of all three
polysulfones were deposited on silicon wafers with a silicon dioxide (SiO2) surface
via spin coating and the water contact angle was measured using a Ramé-hart,
Inc. NRL C.A. Goniometer, model no. 100-00. The monomer molecular formula
and experimental densities were used to calculate the neutron scattering length
densities (SLD).
Neutron Reflectivity – Bilayer Film Sample Preparation
Prior to bilayer film formation, silicon wafers were cleaned with piranha
solution with a v/v ratio of 75 mL sulfuric acid and 25 mL hydrogen peroxide for 45
minutes at 85 °C and followed by washing with deionized water. A thin film of
dPSU was then deposited on top of clean silicon wafers by spin coating from a 1
wt% solution of dPSU in chloroform (Sigma-Aldrich, 99%) at a speed of 1000
revolutions per minute (rpm) for 2 minutes at room temperature. The dPSU thin
films were then dried in a vacuum oven at 40 °C under full vacuum for 24 hours.
Thin films of hPSU were spun coat on to silicon wafers using a 1 wt% solution of
hPSU in dichloromethane (Sigma-Aldrich, 99%) at a speed of 1500 rpm for 2
minutes. The hPSU thin films were then immersed in deionized water to float off
the hPSU thin film from the silicon wafer. A wafer with a dried dPSU thin film was
then submerged under the deionized water bath and positioned underneath the
floating hPSU thin film. The wafer with the dPSU was then slowly lifted up out of
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the deionized water bath in a way to gently coat the dPSU thin film with the hPSU
thin film. Any trapped water was removed by blowing a stream of nitrogen air over
the bilayer sample. All bilayer samples were dried in a vacuum oven at 35 °C
under full vacuum for ~5 days to evaporate any remaining solvents and water.
Prior to spin coating, all dPSU and hPSU solutions were previously filtered using
a 0.2 µm polytetrafluroethylene prior to use. The thickness of all bilayer films was
estimated using an ellipsometer (Dr. Riss Ellipsometerbau GmBH, EL X-02C
equipped with Class III A laser 3mW/632.8nm).
Neutron Reflectivity Measurements
The

neutron

reflectivity measurements were

performed

at room

temperature using the Liquid Reflectometer (LR) at the Spallation Neutron Source
at Oak Ridge National Laboratory, USA.140,141 Measurements were conducted
over a momentum transfer vector, q, range of ~0.008 Å-1 to 0.12 Å-1 using a nonpolarized pulsed neutron beam operating in time-of-flight mode with neutron
wavelengths of 2.5 Å-1 to 17.5 Å-1. The momentum transfer vector is given by
equation 10, where θ is the incident angle normal to the sample surface and λ is
the neutron wavelength.
𝑞=

4𝜋𝑠𝑖𝑛𝜃
𝜆

(10)

The hPSU/dPSU bilayer samples were thermally annealed at three different
temperatures, 130 °C, 150 °C and 180 °C and reflectivity profiles were gathered
as a function of annealing time for each temperature. As-cast measurements of
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all bilayer samples were taken prior to thermal annealing, after which the bilayer
samples were thermally annealed for a given time. After the given time, the
samples were thermally quenched below the Tg’s of both polymers by immediately
placing the thermally annealed bilayer sample on top of a pre-chilled aluminum
block.

This was performed to eliminate any consequences formed on the

interdiffusion of the polysulfone layers during the time taken to cool the samples
below their Tg’s. The measurement data of the bilayer samples were normalized
with respect to the air spectrum after the subtraction of the background profile and
the error bars correspond to statistical measurement errors. MOTOFIT, a fitting
software package used on the IGOR Pro 6.21 platform, was used to analyze all
neutron reflectivity data.142 The calculated SLD profiles for the dPSU, Radel, and
Udel are 5.386 x 10-6 Å-2, 2.633 x 10-6 Å-2, and 2.189 x 10-6 Å-2, respectively. The
SLD used for SiO2 was 3.470 x 10-6 Å-2 and Silicon was 2.070 x 10-6 Å-2.
Neutron Reflectivity Models
Multiple multi-layer reflectivity models were used to fit the data of the
reflectivity profiles of the bilayer samples. A two-layer model provided the best fit
for all as-cast samples with diffuse Gaussian roughness at the hPSU/dPSU
interface. This model was used to fit reflectivity profiles for the Radel/dPSU bilayer
samples annealed at 130 °C and 180 °C and for the Udel/dPSU bilayer sample
annealed at 180 °C. However, the two-layer model did not provide good fits for all
other reflectivity profiles producing fits with a high χ2 value thus all other profiles
were fit using one of two different three-layer models. These three layer-models
90

differed from the two-layer model in that they assumed there was a mixed layer
between the pure hPSU and dPSU layers consisting of dPSU and hPSU.
However, neither three-layer models produced a good fit for the Udel/dPSU bilayer
sample annealed at 130 °C, therefore a four-layer model was used to fit this data.

Results and Discussion
The characteristics and properties pertaining to the dPSU, Radel, and Udel
are listed in Table 5. The higher Tg’s of the hPSU than that of the dPSU provides
the opportunity to monitor the diffusion of the bilayer samples at multiple selected
temperatures, 130 °C, 150 °C, and 180 °C. All three of these temperatures are
above the Tg of the dPSU while the hPSU’s remain in a glassy state. The water
contact angles for each of the PSU thin films show small variations in surface
energy between all three PSU’s. This indicates that there is no driving force for any
of the three PSU’s to reside at the surface driven by surface energy effects.
Interdiffusion of Radel/dPSU Bilayer Samples
The reflectivity profiles for the Radel/dPSU bilayer sample annealed at 130
°C for all annealing times are given in Figure 24 with the solid lines representing
the fit calculated using a two-layer model. All data points, including fits, are shown
in the same graph and are offset for clarity. The SLD profiles corresponding to the
fits to the reflectivity profiles given in Figure 24 are shown in Figure 25. The fringes
of the as-cast samples are easily seen and the spacing between the fringes
depends on the layer thicknesses of the bilayer samples, which were confirmed by
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Table 5. Molecular characteristics and properties of the dPSU and the two
hPSU's used in this research, Radel and Udel.
dPSU

Radel

Udel

C12D8O3S

C24H16O4S

C27H22O4S

6,000

31,500

51,100

1.5

2.25

2.02

116.2

220.1

187.7

84.3 (±0.6)

85.8 (±0.4)

82.2 (±0.3)

1.401 (±0.002)

1.392 (±0.001)

1.305 (±0.002)

Calculated SLD (Å-2):

5.386 x 10-6

2.633 x 10-6

2.189 x 10-6

Observed SLD (Å-2):

4.820 – 5.323

2.731 – 2.801

2.196 – 2.202

Molecular Formula:
MW (g/mol):
PDI:
Tg (°C):
Water Contact Angle (°):
Density (g/mL):

92

Figure 24. Neutron reflectivity profiles for the Radel/dPSU bilayer sample
thermally annealed at 130 °C.
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Figure 25. Scattering length density profiles for the Radel/dPSU bilayer
sample thermally annealed at 130 °C.
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ellipsometry measurements taken prior to thermal annealing. For the Radel/dPSU
bilayer sample annealed at 130 °C, the reflectivity profiles show a decrease in the
fringe spacing at 5 minutes of annealing time. Afterwards, the average fringe
spacing remained almost constant indicating that thermal annealing does not
change the thickness of the Radel/dPSU bilayer sample. The SLD profiles for the
bilayer sample annealed at 130 °C show little broadening of the interfacial layer
even after 195 minutes of annealing time. Also, the SLD of both the dPSU and the
hPSU layers remain unchanged at the air and SiO 2 surfaces indicating that full
mixing of the two layers is not achieved after 195 minutes of annealing.
The reflectivity profiles for the Radel/dPSU bilayer sample annealed at 150
°C for all annealing times are given in Figure 26. At shorter annealing times, the
Radel/dPSU bilayer sample thermally annealed at 150 °C showed no change in
the average spacing between fringes. As annealing time increased, the fringe
spacing decreased and the number of fringes increased indicating the formation
and broadening of a miscible layer. Also, the fringes located in the high-Q region
began to dampen after 15 minutes of annealing time. As the annealing time
increased, the dampening of fringes became more apparent and progressed from
the high-Q region into the lower Q regions indicating that the formed miscible layer
broadened as annealing time increased. The SLD profiles corresponding to the
neutron reflectivity profiles given in Figure 26 are shown in Figure 27 and indicate
that the bilayer sample annealed at 150 °C responded more quickly to thermal
annealing than the bilayer sample annealed at 130 °C. Initially, the SLD of the
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Figure 26. Neutron reflectivity profiles for the Radel/dPSU bilayer sample
thermally annealed at 150 °C.
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Figure 27. Scattering length density profiles for the Radel/dPSU bilayer
sample thermally annealed at 150 °C.
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dPSU layer increased in the first 15 minutes of annealing, which is attributed to the
evaporation of trapped residual solvents. At longer annealing times, the SLD of
the dPSU layer gradually decreased as annealing time increased indicating the
mixing of the dPSU and hPSU layers. Even after just 5 minutes of annealing time
a fringe is observed near the air interface indicating the formation of a third layer
that includes dPSU. Due to the formation of a third layer, the two-layer model did
not accurately fit the Radel/dPSU bilayer sample after annealing at 150 °C.
Therefore, a three-layer model was used to fit the data. The dPSU-rich layer that
is located at the air interface broadened as the annealing time increased indicating
that the dPSU-rich layer fully mixed with the Radel-rich layer after ~60 minutes of
annealing. Another dPSU-rich layer is observed in the SLD profile and remained
at the SiO2 interface which is attributed to the preference of the dPSU to reside at
the SiO2 surface.
The reflectivity profiles for the Radel/dPSU bilayer sample annealed at 180
°C for all annealing times are presented in Figure 28. As the annealing time
increased at 180 °C, the rate of fringe dampening increased relative to the samples
that are annealed at 130 or 150 °C. For the sample annealed at 180 °C, no fringes
are observed in the neutron reflectivity profile after 5 minutes of annealing time,
the shortest amount of annealing time recorded, indicating that the dPSU layer and
the hPSU layer fully mixed within 5 minutes. This is verified by the SLD profiles of
the Radel/dPSU bilayer sample annealed at 180 °C shown in Figure 29. Similar to
the sample annealed at 150 °C, a dPSU rich layer resides at the SiO2 surface.
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Figure 28. Neutron reflectivity profiles for the Radel/dPSU bilayer sample
thermally annealed at 180 °C.
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Figure 29. Scattering length density profiles for the Radel/dPSU bilayer
sample thermally annealed at 180 °C.
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Interdiffusion of Udel/dPSU Bilayer Samples
The reflectivity profiles for the Udel/dPSU bilayer sample annealed at 130
°C for all annealing times are presented in Figure 30, where the data are again
offset for clarity. The solid lines represent the fit of the scattering length density
profile to the data. The SLD profiles that fit the reflectivity curves presented in
Figure 30 are shown in Figure 31. The behavior of the Udel/dPSU bilayer annealed
at 130 °C are similar to that of the Radel/dPSU bilayer sample annealed at the
same temperature.

Fringes are clear in the reflectivity profile of the as-cast

sample. However, unlike in the Radel/dPSU bilayer sample annealed at 130 °C,
the dampening of fringes occurs quickly in the Udel/dPSU bilayer after 15 minutes
of annealing, indicating increased interdiffusion between the layers.
The SLD profiles presented in Figure 31 show that the Udel and dPSU
interdiffused more quickly at 130 °C than the Radel/dPSU bilayer sample. Initially,
no changes were observed in the SLD profiles after 5 minutes of annealing,
however, a third layer is observed after 15 minutes of annealing indicating the
interdiffusion of the dPSU layer and the hPSU layer. After 70 minutes of annealing
time, a second miscible layer is observed in the SLD profiles. The layer closest to
the pure dPSU layer is a dPSU-rich miscible layer while the other miscible layer is
hPSU-rich. It is interesting that the annealed Radel/dPSU bilayer results in a pair
of miscible layers that may be driven by the limited miscibility of the two
polysulfones at 130 °C.
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Figure 30. Neutron reflectivity profiles for the Udel/dPSU bilayer sample
thermally annealed at 130 °C.
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Figure 31. Scattering length density profiles for the Udel/dPSU bilayer
sample thermally annealed at 130 °C.
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The reflectivity profiles for the Udel/dPSU bilayer sample annealed at 150
°C for all annealing times are presented in Figure 32. The reflectivity profiles
followed the same trend of dampening out of fringes as the Radel/dPSU bilayer
sample annealed at 150 °C, but at a faster rate. After 15 minutes of annealing
time, most fringes disappeared indicating significant interdiffusion between layers,
contrasting the behavior of the Radel/dPSU bilayer sample annealed at 150 °C. A
drastic decrease in spacing between fringes and an increase in the frequency of
fringes was observed after 30 minutes of annealing time. This indicates that the
Udel/dPSU bilayer sample was almost fully mixed after 30 minutes of annealing at
150 °C. The SLD profiles, given in Figure 33, verify this, showing an initial increase
in the SLD of the dPSU layer which is credited to the release of trapped residual
solvent from the bilayer sample. After 5 minutes of annealing, a dPSU-rich layer
appears at the air surface. As annealing time increases, the width of the dPSUrich layer at the surface widens indicating more dPSU chains have diffused into
the hPSU matrix. After 30 minutes of annealing time, the SLD profiles show the
formation of a nearly mixed sample with a higher presence of dPSU chains on the
SiO2 surface similar to the Radel/dPSU sample.
The reflectivity profiles for the Udel/dPSU bilayer sample annealed at 180
°C for all annealing times are given in Figure 34 and the corresponding SLD
profiles are presented in Figure 35. The reflectivity profiles show an absence of
fringes after 5 minutes of annealing time for the Udel/dPSU bilayer sample
annealed at 180 °C indicating that the bilayer sample was fully mixed, as observed
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Figure 32. Neutron reflectivity profiles for the Udel/dPSU bilayer sample
thermally annealed at 150 °C.
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Figure 33. Scattering length density profiles for the Udel/dPSU bilayer
sample thermally annealed at 150 °C.
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Figure 34. Neutron reflectivity profiles for the Udel/dPSU bilayer sample
thermally annealed at 180 °C.
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Figure 35. Scattering length density profiles for the Udel/dPSU bilayer
sample thermally annealed at 180 °C.
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in the Radel/dPSU bilayer sample annealed at the same temperature. The fully
mixed bilayer sample is verified in the SLD shown in Figure 35.

A higher

concentration of dPSU chains ia still observed at the SiO2 surface indicating the
higher selectivity for the dPSU chains over the hPSU chains even at 180 °C at this
surface.
Mutual Diffusion Coefficients of hPSU/dPSU Bilayer Samples
The SLD profiles of the hPSU/dPSU bilayer samples were further analyzed
to quantify the diffusion processes of the chains. For the Radel/dPSU bilayer
sample annealed at 130 °C, the analysis was easily performed as a onedimensional solution of Fick’s second law for diffusion within a finite layer, where
the mutual diffusion coefficient of the polymer is calculated using Equation 11.30,143
∅(𝑧, 𝑡) =

1
𝑧+ℎ
𝑧−ℎ
∅0 {erf (
) + 𝑒𝑟𝑓 (
)}
2
√4𝐷𝑚 𝑡
√4𝐷𝑚 𝑡

(11)

In Equation 11, ∅(𝑧, 𝑡) is the volume fraction of the diffusing species as a function
of distance, 𝑧, during a given annealing time, 𝑡, ∅0 is the volume fraction of the
diffusing species at the interface before annealing, 𝐷𝑚 is the mutual diffusion
coefficient, and ℎ is the layer thickness. A graph of the mutual diffusion coefficients
as a function of annealing time is given in Figure 36. The leveling off of the
calculated 𝐷𝑚 indicates that the diffusion is Fickian, where a value of
1.05 𝑥 10−17 𝑐𝑚2 ⁄𝑠 reported at 120 and 195 minutes accurately characterizes the
diffusive processes in this system.
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Figure 36. The calculated mutual diffusion coefficients (Dm) as a function of
annealing time by using Equation 9 for the Radel/dPSU bilayer sample
annealed at 130 °C.
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However, it was not possible to analyze the other systems presented in this
study with Equation 11, as the formation of additional, partially miscible layers
complicate the analysis. These systems, however, can be analyzed using a model
put forth by Jones and Kramer that correlates the kinetics of the surface
segregation process of polymers in a mixture to the diffusion of the segregating
chains.144–147 Jones and Kramer used a hPS/dPS blend model system to monitor
the diffusion of individual polymers by monitoring the surface segregation kinetics
of dPS from the miscible blend. As annealing time increases, a surface excess of
dPS is formed at the air surface and the growth of this excess surface layer from
the bulk layer follows a time dependence of t1/2. Jones and Kramer showed that
this surface segragation model provides results that are consistent with literature
studies of polymer diffusion.146
The hPSU/dPSU bilayer samples studied in this thesis differ from the
hPS/dPS blend samples that Jones and Kramer studied in that the diffusion of the
polysulfones are from a pure layer to a mixed layer, which is the opposite of the
Kramer-Jones system. However, the physics are the same, and the formation of
the mixed layer by the time evolution of the depletion of the pure PSU bilayers can
be monitored to extract information about the diffusion of the dPSU.

In this

analysis, the amount of “surface excess”, 𝑍 ∗ , and its depletion as the dPSU
diffuses into the protonated PSU layer is quantified by the area under the density
profile for this layer. Using this model, the mutual diffusion coefficients of the
Radel/dPSU bilayer sample annealed at 150 °C and the Udel/dPSU bilayers,
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annealed at both 130 °C and 150 °C, were determined. The mutual diffusion
coefficients of the bilayer samples that were annealed at 180 °C could not be
analyzed by this method as the interdiffusion was too quick to capture with the
timescale of these experiments.
Equation 12 provides the transformation of the scattering length density
profile to the density profile of the dPSU as a function of distance from the SiO2
surface in the film.
∅𝑑𝑃𝑆𝑈 (𝑧) =

{(𝑆𝐿𝐷)𝑐 (𝑧) − (𝑆𝐿𝐷)ℎ𝑃𝑆𝑈 }
{(𝑆𝐿𝐷)𝑑𝑃𝑆𝑈 − (𝑆𝐿𝐷)ℎ𝑃𝑆𝑈 }

(12)

In Equation 12, ∅𝑑𝑃𝑆𝑈 (𝑧) is the volume fraction of the dPSU as a function of
distance, 𝑧, (𝑆𝐿𝐷)𝑐 (𝑧) is the calculated SLD obtained from the reflectivity data
fitting as a function of 𝑧, (𝑆𝐿𝐷)ℎ𝑃𝑆𝑈 is the SLD of the hPSU and (𝑆𝐿𝐷)𝑑𝑃𝑆𝑈 is the
SLD of the dPSU. The dPSU interfacial excess value (𝑍𝑡∗ ) within the dPSU-rich
layer neighboring the SiO2 surface was then calculated with Equation 13
𝑍𝑡∗ = ∫ ∅𝑑𝑃𝑆𝑈(𝑧) − ∅𝑑𝑃𝑆𝑈(𝑚𝑖𝑥 𝑙𝑎𝑦𝑒𝑟)

(13)

where ∅𝑑𝑃𝑆𝑈(𝑧) and ∅𝑑𝑃𝑆𝑈(𝑚𝑖𝑥 𝑙𝑎𝑦𝑒𝑟) are the volume fractions of the dPSU as a
function of distance, 𝑧, from the SiO2 surface and in the miscible layer, respectively.
The volume fraction profile was integrated to determine 𝑍𝑡∗ at each annealing time.
The mutual diffusion coefficient is then determined from the surface ‘depletion’
process using Equation 14.
∗
𝑍𝑒𝑞

2

(
)
∅(𝑑𝑃𝑆𝑈,𝑒𝑞)
𝐷𝑚 =
𝑡𝑒𝑞

(14)
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∗
In Equation 14, 𝑍𝑒𝑞
is the equilibrium interfacial excess value, ∅(𝑑𝑃𝑆𝑈,𝑒𝑞) is the

volume fraction of dPSU in the mixed layer at equilibrium, and 𝑡𝑒𝑞 is the equilibrium
time. The calculated results are presented in Table 6. The ~t1/2 time dependence
of the surface excess time evolution verifies that the model developed by Jones
and Kramer models the diffusive behavior of these bilayer samples.
The data in Table 6 shows that there is a small difference in the observed
diffusion coefficients between the 130 °C and 150 °C annealing temperatures for
the Udel bilayer samples, whereas the diffusion of the dPSU into the Radel sample
increases by ca. three orders of magnitude with an increase of annealing
temperature from 130 °C to 150 °C. This discrepancy is due to the fact that the
Udel/dPSU bilayer sample annealed at 130 °C did not reach center of mass
diffusion at the highest annealing time. Therefore, the calculated value for the 𝐷𝑚
is its maximum value and is very likely much lower than this.
Effects of hPSU Structure on the Diffusion of dPSU
The data provided by these analyses can provide additional information
regarding the impact of the precise molecular structure of the protonated
polysulfone (Radel vs. Udel) on the diffusion of the dPSU chains. Further analysis
provides a pathway to determine the trace diffusion coefficient of the dPSU
molecule in each bilayer annealed at 130 °C and 150 °C. The mutual diffusion
coefficient is related to the tracer diffusion coefficient of one component by the
following relationships: the mutual diffusion coefficient is related to the Onsager
Transfer coefficient, 𝐷𝑇 , as shown by Equation 15
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Table 6. Diffusion characteristics calculated by using the model developed
by Jones and Kramer.
Radel/dPSU

*Udel/dPSU

Udel/dPSU

(150 °C)

(130 °C)

(150 °C)

∗
𝑍𝑒𝑞
(Å)

296.9

750.0

271.6

𝑡𝑒𝑞 (s)

1538.6

7800.0

1613.8

∅(𝑑𝑃𝑆𝑈,𝑒𝑞)

0.40

0.56

0.30

0.46

0.46

0.48

3.59 x 10-14

2.30 x 10-14

5.04 x 10-14

Exponent, n, of
∗
𝑍𝑒𝑞
vs. 𝑡 𝑛
𝑐𝑚2

𝐷𝑚 (

𝑠

)
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𝐷𝑚 = 2(χ𝑠 − χ)∅𝑑𝑃𝑆𝑈 ∅ℎ𝑃𝑆𝑈 𝐷𝑇

(15)

where 𝐷𝑚 is the mutual diffusion coefficient, χ𝑠 is the Flory-Huggins interaction
parameter at the spinodal point, χ is the Flory-Huggins interaction parameter
between the dPSU and hPSU, and ∅𝑑𝑃𝑆𝑈 and ∅ℎ𝑃𝑆𝑈 are the volume fractions of
the dPSU and hPSU, respectively. χ𝑠 is calculated using Equation 16
χ𝑠 =

1
1
1
(
+
)
2 ∅ℎ𝑃𝑆𝑈 𝑁ℎ𝑃𝑆𝑈 ∅𝑑𝑃𝑆𝑈 𝑁𝑑𝑃𝑆𝑈

(16)

where 𝑁ℎ𝑃𝑆𝑈 and 𝑁𝑑𝑃𝑆𝑈 are the degrees of polymerization of the hPSU and dPSU
chains, respectively. The tracer diffusion coefficient is further correlated to 𝐷𝑇 by
Equation 17
∗
∗
𝐷𝑇 = ∅ℎ𝑃𝑆𝑈 𝐷𝑑𝑃𝑆𝑈
𝑁𝑑𝑃𝑆𝑈 + ∅𝑑𝑃𝑆𝑈 𝐷ℎ𝑃𝑆𝑈
𝑁ℎ𝑃𝑆𝑈

(17)

∗
∗
where 𝐷𝑑𝑃𝑆𝑈
and 𝐷ℎ𝑃𝑆𝑈
are the tracer diffusion coefficients of the dPSU and hPSU

chains, respectively. Equation 18 shows the solution of Equation 16 and 17 for
∗
𝐷𝑑𝑃𝑆𝑈
from the measured mutual diffusion coefficients and assuming athermal
∗
mixing (χ = 0) and the glassy protonated PSU does not move, i.e 𝐷ℎ𝑃𝑆𝑈
= 0.

(

∗
𝐷𝑑𝑃𝑆𝑈

𝐷𝑚

2χ𝑠 ∅𝑑𝑃𝑆𝑈 ∅ℎ𝑃𝑆𝑈
=
∅ℎ𝑃𝑆𝑈 𝑁𝑑𝑃𝑆𝑈

)
(18)

The tracer diffusion coefficient can be further analyzed to determine the effective
friction factor of the dPSU using Equation 19.
∗
𝐷𝑑𝑃𝑆𝑈
=

𝑘𝑇
𝑁𝑑𝑃𝑆𝑈 𝜁𝑑𝑃𝑆𝑈

(19)
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In Equation 19, k is Boltzman constant and 𝜁𝑑𝑃𝑆𝑈 is the effective friction factor of
∗
the dPSU. The results of these analysis to determine 𝐷𝑑𝑃𝑆𝑈
and 𝜁𝑑𝑃𝑆𝑈 for all

samples annealed at 130 °C and 150 °C are given in Table 7.
Analysis of the diffusion behavior of the hPSU/dPSU bilayer samples
provides insight into the role of the structural rigidity of the polysulfones on their
dynamics. At first glance, the diffusion coefficients of the dPSU appears to be quite
small for such low molecular weight chains. To more fully understand the effect
the chain rigidity has on the interdiffusion, the tracer diffusion results were
compared to literature reports of the diffusive behavior of other common polymer
systems. To make this comparison, the variation in polymer T g, temperature above
Tg that experiments were completed at, and polymer molecular weight must be
accounted for.
To account for variation in the molecular weight of polymers, the mutual
diffusion coefficients for each polymer were determined for a polymer chain with
equivalent molecular weight of the dPSU chains (MN of 4,000 g/mol). 𝐷∗ of each
polymer was then determined using Equation 19 using literature values of the
monomeric friction coefficients of the various polymers at 398 Kelvin (K).97 These
calculated tracer diffusion coefficients of the various polymers at 398 K are given
in Table 8.
Equation 20 shows the Williams-Landel-Ferry (WLF) equation, which
accounts for the variation of temperature and T g when comparing diffusion
constants.82,148
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Table 7. Calculated tracer diffusion coefficients of the dPSU for all bilayer
samples annealed at 130 °C and 150 °C.
𝑐𝑚2

∗
𝐷𝑑𝑃𝑆𝑈
(

𝑠

)

Radel/dPSU (130°C)

7.12 x 10-17

Radel/dPSU (150°C)

8.45 x 10-14

Udel/dPSU (150°C)

8.39 x 10-14

117

Table 8. The monomeric friction coefficients97 and the corresponding tracer
diffusion coefficients determined at 398 K for the various polymers having
an equivalent Mn to the dPSU chains (Mn = 4,000 g/mol).
𝑁∙𝑠𝑒𝑐

ζ𝑜 (

𝑚

) at 398 K

𝑐𝑚2

𝐷∗ ( 𝑠𝑒𝑐 )

Poly-1,4-butadiene

9.55 x 10-12

7.77 x 10-8

Polyvinyl Acetate

1.05 x 10-9

1.13 x 10-9

Polyvinyl Chloride

2.69 x 10-8

3.19 x 10-11

Polystyrene

2.88 x 10-6

4.95 x 10-13

Polymethyl Methacrylate

4.57 x 10-3

3.00 x 10-16
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𝑟𝑒𝑓

𝐷𝑟𝑒𝑓 𝑇
𝐶1 (𝑇 − 𝑇𝑟𝑒𝑓 )
𝑙𝑜𝑔 (
) = − 𝑟𝑒𝑓
𝐷𝑇𝑟𝑒𝑓
𝐶
+ (𝑇 − 𝑇𝑟𝑒𝑓 )

(20)

2

In Equation 20, where 𝐷𝑟𝑒𝑓 is the diffusion coefficient at Tg and 𝐷 is the diffusion
𝑟𝑒𝑓

coefficient at temperature, 𝑇. The constants 𝐶1

𝑟𝑒𝑓

and 𝐶2

are unique to each

polymer. The annealing temperature of the bilayer samples is used for 𝑇 whereas
𝑇𝑟𝑒𝑓 corresponds to the glass transition temperature of the polymer. For the
research conducted in this thesis, 𝑇𝑟𝑒𝑓 is equal to the Tg of the dPSU. Therefore,
130 °C and 150 °C correspond to shifts of 14 °C and 34 °C for 𝑇 − 𝑇𝑟𝑒𝑓 .
𝑟𝑒𝑓

Table 9 provides the WLF parameters, 𝐶1

𝑟𝑒𝑓

and 𝐶2 , for the various

polymers and the calculated tracer diffusion coefficients of these polymers at 14 K
and 34 K above their Tg values.
Comparison of the tracer diffusion coefficients of the dPSU with those in
Table 9 shows that the 𝐷∗ of the dPSU is two to three orders of magnitude slower
than that of these common polymers. Furthermore, Table 8 shows that as the
backbone of the polymer becomes more sterically hindered due to more bulky side
groups the diffusion of the polymer chain becomes slower, and the diffusive
behavior of the dPSU is consistent with this observation. Therefore, the slower
diffusion of the dPSU is attributed to the increased rigidity of the polysulfones
caused by its aromatic backbone. When comparing the 𝐷∗ of the Udel and Radel
annealed at 150 °C, there is no significant difference between the 𝐷∗ values
indicating that the addition of the propyl linking group within the Udel structure has
no notable effect on the diffusion of dPSU chains at this temperature.
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Table 9. The calculated tracer diffusion coefficients using their respective
WLF parameters for the various common polymers at two different T-Tref
temperatures.
Tg (K)

𝑟𝑒𝑓

𝐷∗ at

𝐷 ∗ at

𝑇 − 𝑇𝑟𝑒𝑓 = 14

𝑇 − 𝑇𝑟𝑒𝑓 = 34

𝑟𝑒𝑓

𝐶1

𝐶2

Poly-1,4-butadiene

178

11.2

60.5

3.75 x 10-12

1.59 x 10-11

Polyvinyl Acetate

303

15.6

46.8

1.18 x 10-15

1.17 x 10-11

Polyvinyl Chloride

355

16.2

25

1.10 x 10-15

3.84 x 10-12

Polystyrene

373

13.7

50

1.30 x 10-14

4.82 x 10-12

383

34

80

1.48 x 10-16

1.86 x 10-11

Polymethyl
Methacrylate
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Summary
The interdiffusion of dPSU and hPSU thin bilayer films were studied using
neutron reflectivity with the help of Dr. Thusitha Etampawala. Two hPSU’s, Radel
and Udel, were used that differed in molecular structure only by the addition of an
isopropyl-like group in the monomer structure. Due to the large difference in Tg
between the dPSU and both hPSU’s, multiple temperatures above the T g of the
dPSU, yet below the Tg of the hPSU’s, were used to thermally anneal the bilayer
samples. According to the neutron reflectivity profiles and SLD profiles, it was
found that for the Radel/dPSU bilayer sample annealed at 130 °C the interdiffusion
of the dPSU and hPSU chains was very slow and was fit using a two-layer model.
However, when increasing the annealing temperature to 150 °C the two thin films
almost fully mixed. Both Udel/dPSU bilayer samples showed improved mixing
compared to the Radel/dPSU bilayer samples with the Udel/dPSU bilayer sample
becoming almost fully mixed after 30 minutes of annealing time. Both samples
that were annealed at 180 °C were fully mixed after the first measured annealing
time.
The mutual diffusion coefficients and the tracer diffusion coefficients were
then determined using two distinct models to further understand the impact of the
rigid nature of the PSU’s on their diffusion. However, comparing the Radel/dPSU
bilayer and the Udel/dPSU bilayer samples annealed at 150 °C revealed no
notable differences in the diffusion coefficients. This indicates that the added
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propyl group in the backbone of the Udel monomer structure does not have any
significant effect on the diffusion of dPSU chains at that temperature.
The tracer diffusion coefficients of the dPSU in the hPSU/dPSU bilayer films
were then compared to those of a variety of common polymers. The monomeric
friction coefficients of the various common polymers were obtained from literature
and indicate that as the steric hindrance of the polymer backbone increased the
diffusion became slower. Comparison of the estimated diffusion of these common
polymers at 14 K and 34 K above their T g showed that the tracer diffusion
coefficients of the dPSU in the hPSU/dPSU bilayer samples were a few orders of
magnitude slower than that of more flexible polymers.
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CHAPTER 5: CONCLUSION AND FUTURE WORK
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The Effect of Lignin Source on Lignin-based Polyurethanes
The work reported in this thesis confirms that both the plant source from
which lignin is extracted and the size of the cross-linker used during synthesis
impacts the mechanical properties and morphology of lignin-based polyurethanes.
Our results demonstrate that, when a longer cross-linker is used, lignin-based
polyurethanes synthesized with wheat straw soda lignin (WSSL) provide the
highest

mechanical

properties

while

those

synthesized

with

hardwood

lignosulfonate (HWLS) provide the lowest. This is due to better mixing observed
in the morphology of WSSL samples while aggregation dominated the morphology
of softwood kraft lignin (SWKL) and HWLS samples indicating poor levels of
mixing. However, when hexamethylene diisocyanate (HMDI), a shorter crosslinker, was used a uniform morphology was observed for SWKL and HWLS
polyurethanes resulting in the SWKL sample exhibiting the highest modulus while
the WSSL sample offering the lowest. This indicates that the small size of HMDI
allows the shorter cross-linker to penetrate the lignin aggregates during
polyurethane synthesis, providing a pathway to forming a more cross-linked
material. This emphasizes that the size of the cross-linker is important in defining
the influence of each lignin source on the mechanical properties and morphology
of lignin-based polyurethanes.
Further research should be carried out using other diisocyanate
crosslinkers to build upon the importance of cross-linker size on lignin-based
polyurethanes as well as modifying the lignin structure through grafting to obtain
124

better dispersion of lignin particles in lignin-based polyurethanes.

Our work

showed that the size of the cross-linker impacts the morphology of lignin-based
polyurethanes. Therefore, other isocyanate cross-linkers of differing sizes should
be employed to obtain a deeper understanding on the impact the size of the crosslinker has on the morphology of lignin-based polyurethanes for each plant source.
Another avenue

that

should

be

explored

is

synthesizing

lignin-based

polyurethanes with high lignin wt% using lignin grafted with hydroxy-terminated
linear polymers, such as poly(ε-caprolactone), and relate their mechanical
properties to lignin source.

Interdiffusion Dynamics of Polysulfone Bilayers
In this work, we studied the interdiffusion of a glassy/liquid polymer bilayer
system consisting of a low molecular weight deuterated polysulfone and higher
molecular weight protonated polysulfones.

Our results demonstrate that the

aromatic structure of the protonated polysulfones sterically hinders the diffusion of
the deuterated polysulfone chains providing further insight into the diffusion of
liquid polymers into glassy layers. The results provide the diffusion coefficients of
the polysulfone chains, which are then compared to the diffusive properties of other
common polymers. Our results show that the diffusion of the polysulfone chains
are three orders of magnitude slower than the other common polymers with the
same molecular weight and at the same temperature relative to their glass
transition. Our results also show that the structural difference between the two
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protonated polysulfones did not have a significant effect on the diffusive properties
of the deuterated polysulfone.
Further studies can be carried out to obtain a more thorough understanding
of the dynamics of glassy/liquid polymer systems. By adding nanoparticles to the
polysulfone bilayers, the effect of the nanoparticles on the diffusion of the
polysulfone chains can be measured. Also, the size of the polymer affects the
diffusion dynamics of the polymer chains. Therefore, changing the molecular
weights of one or both components of the polysulfone bilayers will allow a more
thorough understanding of interdiffusion of glassy/liquid polymer systems.

126

REFERENCES

127

(1)

Polyurethane (PU) Market Analysis by Product (Rigid Foam, Flexible
Foam, Coatings, Adhesives & Sealants, Elastomers), by End-Use
(Furniture & Interiors, Construction, Electronics & Appliances, Automotive,
Footwear, Packaging, & Segment Forecasts, 2014-202
http://www.grandviewresearch.com/industry-analysis/polyurethane-pumarket (accessed May 17, 2017).

(2)

Seymour, R. B.; Kauffman, G. B. J. Chem. Educ. 1992, 69 (11), 909.

(3)

Sarkar, S.; Adhikari, B. Polym. Degrad. Stab. 2001, 73 (1), 169.

(4)

Saraf, V. P.; Glasser, W. G. J. Appl. Polym. Sci. 1984, 29 (5), 1831.

(5)

Stevens, M. P. Polymer Chemistry: An Introduction, 3rd ed.; Oxford
University Press: New York, NY, 1999.

(6)

Szycher, M. Handbook of Polyurethanes, 1st ed.; CRC Press: Boca Raton,
Florida, 1999.

(7)

Soto, M.; Sebastián, R. M.; Marquet, J. J. Org. Chem. 2014, 79 (11), 5019.

(8)

Ochiai, B.; Utsuno, T. J. Polym. Sci. Part A Polym. Chem. 2013, 51 (3),
525.

(9)

Tamami, B.; Sohn, S.; Wilkes, G. L. J. Appl. Polym. Sci. 2004, 92 (2), 883.

(10) Ochiai, B.; Sato, S.-I.; Endo, T. J. Polym. Sci. Part A Polym. Chem. 2007,
45 (15), 3408.
(11) Palaskar, D. V.; Boyer, A.; Cloutet, E.; Alfos, C.; Cramail, H.
Biomacromolecules 2010, 11 (5), 1202.
(12) Cheng, C.; Zhang, X.; Huang, Q.; Dou, X.; Li, J.; Cao, X.; Tu, Y. J.
128

Macromol. Sci. Part A 2015, 52 (6), 485.
(13) Prisacariu, C. Polyurethane Elastomers: from morphology to mechanical
aspects; Springer Science & Business Media, 2011.
(14) Chung, H.; Washburn, N. R. ACS Appl. Mater. Interfaces 2012, 4 (6), 2840.
(15) Zhang, C.; Wu, H.; Kessler, M. R. K. Polym. (United Kingdom) 2015, 69
(1), 52.
(16) Teo, L.-S.; Chen, C.-Y.; Kuo, J.-F. Macromolecules 1997, 30 (6), 1793.
(17) Chan-Chan, L. H.; Solis-Correa, R.; Vargas-Coronado, R. F.; CervantesUc, J. M.; Cauich-Rodr?guez, J. V.; Quintana, P.; Bartolo-P?rez, P. Acta
Biomater. 2010, 6 (6), 2035.
(18) Oprea, S. Polym. Degrad. Stab. 2010, 95 (12), 2396.
(19) Grassie, N.; Zulfiqar, M. J. Polym. Sci. Polym. Chem. Ed. 1978, 16 (7),
1563.
(20) Wen, T.-C.; Fang, J.-C.; Lin, H.-J.; Yang, C.-H. J. Appl. Polym. Sci. 2001,
82 (2), 389.
(21) Bharadwaj, V.; Somani, K.; Kansara, S. J. Macromol. sci - Pure Appl.
Chem. 2002, A39 (May 2017), 115.
(22) Yoshida, H.; Mörck, R.; Kringstad, K. P.; Hatakeyama, H. J. Appl. Polym.
Sci. 1990, 40 (1112), 1819.
(23) Basfar, A. A.; Idriss Ali, K. .; Mofti, S. . Polym. Degrad. Stab. 2003, 82 (2),
229.
(24) Dong, W.; Ren, J.; Lin, L.; Shi, D.; Ni, Z.; Chen, M. Polym. Degrad. Stab.
129

2012, 97 (4), 578.
(25) Chen, Y. L.; Rånby, B. J. Polym. Sci. Part A Polym. Chem. 1989, 27 (12),
4051.
(26) Kruželák, J.; Sýkora, R.; Hudec, I. Rubber Chem. Technol. 2017, 90 (1),
60.
(27) Mahmood, N.; Yuan, Z.; Schmidt, J.; Xu, C. Renew. Sustain. Energy Rev.
2016, 60, 317.
(28) Singh, H.; Jain, A. K. J. Appl. Polym. Sci. 2008, NA.
(29) KROL, P. Prog. Mater. Sci. 2007, 52 (6), 915.
(30) Hiemenz, P. L.; Lodge, T. P. Polymer Chemistry, 2nd ed.; Taylor & Francis
Group: Boca Raton, Florida, 2007.
(31) Meier-Westhues, U. Polyurethanes: Coatings, Adhesives and Sealants;
European coatings tech files; Vincentz Network, 2007.
(32) Chattopadhyay, D. K.; Raju, K. V. S. N. Prog. Polym. Sci. 2007, 32 (3),
352.
(33) Engels, H.-W.; Pirkl, H.-G.; Albers, R.; Albach, R. W.; Krause, J.;
Hoffmann, A.; Casselmann, H.; Dormish, J. Angew. Chemie Int. Ed. 2013,
52 (36), 9422.
(34) Petrie, E. Handbook of Adhesives and Sealants; Handbook of Adhesives
and Sealants; McGraw-Hill Education, 2007.
(35) Noreen, A.; Zia, K. M.; Zuber, M.; Tabasum, S.; Zahoor, A. F. Prog. Org.
Coatings 2016, 91, 25.
130

(36) Tokiwa, Y.; Calabia, B. P.; Ugwu, C. U.; Aiba, S. Int. J. Mol. Sci. 2009, 10
(9), 3722.
(37) Shibata, M.; Inoue, Y.; Miyoshi, M. Polymer (Guildf). 2006, 47 (10), 3557.
(38) Mohanty, A. K.; Misra, M.; Hinrichsen, G. Macromol. Mater. Eng. 2000,
276–277 (1), 1.
(39) Hon, D. N.-S. Chemical Modification of Lignocellulosic Materials; 1995.
(40) Saito, T.; Perkins, J. H.; Jackson, D. C.; Trammel, N. E.; Hunt, M. a.;
Naskar, A. K. RSC Adv. 2013, 3 (44), 21832.
(41) Lignoworks. What is Lignin? http://www.icfar.ca/lignoworks/content/whatlignin.html.
(42) Suhas; Carrott, P. J. M.; Ribeiro Carrott, M. M. L. Bioresour. Technol.
2007, 98 (12), 2301.
(43) Saito, T.; Brown, R. H.; Hunt, M. A.; Pickel, D. L.; Pickel, J. M.; Messman,
J. M.; Baker, F. S.; Keller, M.; Naskar, A. K. Green Chem. 2012, 14 (12),
3295.
(44) Chakar, F. S.; Ragauskas, A. J. Ind. Crops Prod. 2004, 20 (2), 131.
(45) Gosselink, R. J. A.; de Jong, E.; Guran, B.; Abächerli, A. Ind. Crops Prod.
2004, 20 (2), 121.
(46) Gregorová, A.; Košíková, B.; Moravčík, R. Polym. Degrad. Stab. 2006, 91
(2), 229.
(47) Tejado, A.; Peña, C.; Labidi, J.; Echeverria, J. M.; Mondragon, I. Bioresour.
Technol. 2007, 98 (8), 1655.
131

(48) Smook, G. A. Handbook for Pulp and Paper Technologists, 2nd ed.; Angus
Wilde Publications, 1992; Vol. 11.
(49) Laurichesse, S.; Avérous, L. Prog. Polym. Sci. 2014, 39 (7), 1266.
(50) Wang, C.; Kelley, S. S.; Venditti, R. A. ChemSusChem 2016, 9 (8), 770.
(51) Baker, D. A.; Rials, T. G. J. Appl. Polym. Sci. 2013, 130 (2), 713.
(52) Li, Y.; Ragauskas, A. J. J. Wood Chem. Technol. 2012, 32 (3), 210.
(53) Hilburg, S. L.; Elder, A. N.; Chung, H.; Ferebee, R. L.; Bockstaller, M. R.;
Washburn, N. R. Polym. (United Kingdom) 2014, 55 (4), 995.
(54) El Mansouri, N.-E.; Yuan, Q.; Huang, F. BioResources 2011, 6 (3), 2647.
(55) Milczarek, G. J. Electroanal. Chem. 2010, 638 (1), 178.
(56) Zhang, Y.-H. P. J. Ind. Microbiol. Biotechnol. 2008, 35 (5), 367.
(57) FAN, J.; ZHAN, H. Chinese J. Chem. Eng. 2008, 16 (3), 407.
(58) Qiu, X.; Kong, Q.; Zhou, M.; Yang, D. J. Phys. Chem. B 2010, 114 (48),
15857.
(59) Vishtal, A.; Kraslawski, A. BioResources 2011, 6 (3), 3547.
(60) Areskogh, D.; Li, J.; Gellerstedt, G.; Henriksson, G. Ind. Crops Prod. 2010,
32 (3), 458.
(61) Ansari, A.; Pawlik, M. Miner. Eng. 2007, 20 (6), 600.
(62) Macias, A.; Goni, S. ACI Mater. J. 1999, 96 (1), 40.
(63) Lora, J. In Monomers, Polymers and Composites from Renewable
Resources; Elsevier, 2008; pp 225–241.
(64) Saito, T.; Perkins, J. H.; Vautard, F.; Meyer, H. M.; Messman, J. M.; Tolnai,
132

B.; Naskar, A. K. ChemSusChem 2014, 7 (1), 221.
(65) Lora, J. H.; Glasser, W. G. J. Polym. Environ. 2002, 10 (1/2), 39.
(66) Madad, N.; Chebil, L.; Charbonnel, C.; Ioannou, I.; Ghoul, M. Can. J.
Chem. 2013, 91 (3), 220.
(67) Xu, F.; Sun, J.-X.; Sun, R.; Fowler, P.; Baird, M. S. Ind. Crops Prod. 2006,
23 (2), 180.
(68) Duval, A.; Lawoko, M. React. Funct. Polym. 2014, 85, 78.
(69) Doherty, W. O. S.; Mousavioun, P.; Fellows, C. M. Ind. Crops Prod. 2011,
33 (2), 259.
(70) Laurichesse, S.; Avérous, L. Polym. (United Kingdom) 2013, 54 (15), 3882.
(71) Silva, E. A. B. da; Zabkova, M.; Araujo, J. D.; Cateto, C. A.; Barreiro, M. F.;
Belgacem, M. N.; Rodrigues, A. E. Chem. Eng. Res. Des. 2009, 87 (9),
1276.
(72) Varanasi, P.; Singh, P.; Auer, M.; Adams, P. D.; Simmons, B. A.; Singh, S.
Biotechnol. Biofuels 2013, 6 (1), 14.
(73) Chung, Y.-L.; Olsson, J. V.; Li, R. J.; Frank, C. W.; Waymouth, R. M.;
Billington, S. L.; Sattely, E. S. ACS Sustain. Chem. Eng. 2013, 1 (10),
1231.
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Table A1. Peak assignments and their respective hydroxyl group type used
for integration of 31P-NMR lignin data.
Hydroxyl Group Type

Integration Area (ppm)

Aliphatic:

145.4 – 152.0

C5-Condensed + Syringyl:

140.5 – 144.5

Syringyl:

142.0 – 143.0

Guiacyl:

138.5 – 140.5

p-Coumaryl:

137.0 – 138.5

Carboxylic Acid:

134.6 – 138.0
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Table A2. Storage modulus values obtained via DMA for all lignin-based PU
samples.
Storage Modulus (MPa)
Lignin

20 wt%

30 wt%

40 wt%

50 wt%

60 wt%

Lignin

Lignin

Lignin

Lignin

Lignin

HWLS

1.5 (±0.2)

2.4 (±0.4)

3.6 (±0.2)

5.7 (±1.4)

14.5 (±2.4)

SWKL

2.0 (±0.1)

2.6 (±0.3)

4.0 (±0.2)

8.4 (±1.0)

16.8 (±3.5)

WSSL

3.5 (±0.1)

6.1 (±0.3)

11.2 (±0.9)

20.5 (±3.9)

39.3 (±8.8)
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Table A3. Loss modulus values obtained via DMA for all lignin-based PU
samples.
Loss Modulus (MPa)
Lignin

20 wt%

30 wt%

40 wt%

50 wt%

60 wt%

Lignin

Lignin

Lignin

Lignin

Lignin

HWSL

0.31 (±0.03) 0.48 (±0.04) 0.78 (±0.07) 1.34 (±0.08) 2.43 (±0.23)

SWKL

0.44 (±0.04) 0.56 (±0.05) 0.70 (±0.06) 1.21 (±0.10) 2.77 (±0.69)

WSSL

0.29 (±0.01) 0.56 (±0.01) 1.14 (±0.05) 2.35 (±0.44) 7.67 (±1.71)
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Table A4. Shore hardness (Type A) values for all lignin-based PU samples.
Shore Hardness Value (Type A)
Lignin

20 wt%

30 wt%

40 wt%

50 wt%

60 wt%

Lignin

Lignin

Lignin

Lignin

Lignin

HWLS

34 (±2)

41 (±2)

48 (±1)

59 (±2)

69 (±2)

SWKL

39 (±3)

45 (±2)

52 (±2)

68 (±3)

77 (±2)

WSSL

53 (±1)

65 (±1)

76 (±1)

84 (±1)

89 (±2)
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Figure A1. DSC scans of pure HWLS and lignin-based PU samples
synthesized with 20 wt%, 40 wt%, and 60 wt% HWLS.
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Figure A2. DSC scans of pure SWKL and lignin-based PU samples
synthesized with 20 wt%, 40 wt%, and 60 wt% SWKL.
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Figure A3. DSC scans of pure WSSL and lignin-based PU samples
synthesized with 20 wt%, 40 wt%, and 60 wt% WSSL.
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Figure A4. SEM images of all three lignin sources in their pure form (before
synthesis).
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Figure A5. Examples of 31P-NMR data results for HWLS (top), SWKL (middle),
and WSSL (bottom).
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